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PREFACE

/

~# Recent advances in systems concepts allied to new technology have led to the possibility of integrating a variety of
systems that have traditionally been separate.

In this symposium, the potential, and problems, of integrating mission critical and flight critical systems will-be— 7 +<..
examined.

Such integrated systems can be expected to improve the performance of an aircraft in all phases of a mission.
During the enroute and retumn phases fuel conservation flight profiles may be available. Prior to an attack energy
management profiles will be available to maximise the energy of the attacker. during the attack phase integrated fire

and flight control will maximise the firing opportunities. Similar considerations apply to missiles and other unmanned
vehicles.

In addition, integration of these control systems is expected to provide enhancements of flight safety by reducing
pilot workload. A further improvement in survivability is also to be expected from the use of curved attack profiles in

both air-to-air and air-to-ground attacks particularly when such systems are coupled to direct force controls or vectored
thrust controls. fL .
]

Des progrés récents réalisés dans la conception des systémes alliés aux nouvelles technologies ont conduit 4 envisager
Vintégration de divers systémes traditionnellement indépendants.

Au cours de ce symposium nous examinerons les différentes méthodes d’intégration des systémes commandes de tir,
commandes de vol, et commandes moteur.

De tels systémes intégrés devraient améliorer les performances des avions dans toutes les phases de leur mission.
Durant les phases de vol, en route et au retour, des profils de vol réduisant la consommation de carburant pourront étre
employés. Avant I'attaque, des profils de vols contrdlant I'énergie seront établis pour augmenter au maximum I'énergie
disponible de I'attaquant et, pendant les phases d’attaque, le contrdle intégré systéme de tir/commandes de vol optimisera
Tes occasions de tir. Des considérations semblables peuvent s’étendre aux missiles et autres engins sans pilotes.

De plus, 'intégration de ces systémes de contréle devrait apporter des améliorations 4 1a sécurité des vols en rédui-
sant la charge de travail du pilote. Une amélioration additionnelle de la survivabilité est également attendue de ’emploi de
courbes d’attaques incurvées, tant en attaques air-air qu’en attagues air-sol, particuli¢rement lorsque de tels systémes sont
couplés avec des commandes par forces directes ou par poussées vectorielles.
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1. INTRODUCTION

The 36th Symposium of the Guidance and Control Panel of AGARD was held at the Ecole Nationale Supérieure
de I'Aéronautique et de ’Espace, Toulouse, France, from the 17th to 20th May 1983. The Programme Chairman was
Mr J.T.Shepherd, of Marconi Avionics, Rochester, Kent, UK, who was assisted by members of the Flight Mechanics and

the Propulsion and Energetics Panels of AGARD.

2. THEME AND OBJECTIVES

In the early days of aircraft, and to some degree to this day, integration of the complete aircraft system was
performed by the pilot, taking his information from his instruments and his own physical sensations, analysing it,
computing in his own brain the required control actions, and putting them into effect. Increasing demands on the aircraft
system capability led to increased workload; this was met in the first instance by improvement of sub-units, but at the
same time sub units proliferated and it became necessary to integrate them in groups, so that the pilot only had to deal
with the flight control system, the fire control system or the engine controf system, instead of having to involve himself

individually with all the sub units in these groups.

Pressure for further increases in capability would now be expected to lead to a more integrated approach to the
whole aircraft system, and new technology has stimulated the development of new system concepts which together make
major advances in this direction poseible. To set against better performance and lower workload, however, there will be
penalties — greater complexity, probably more in the software than the hardware, with attendant cost and reliability
problems, possibly reduced flexibility, and the need to ensure safety while integrating flight critical systems with others
which are only mission critical. If progress is to be achieved there are complex balances to be struck — how best to take
the pay-off, how to minimise the penalties, and the best balance to strike between them. This will only be successfully
achieved by bringing together people of many disciplines — the operators and the operational analysts, the experts in
flight control, fire control and engine control, who have traditionally worked to a degree in isolation, specialists in human
factors, in ~=liability and maintenance (of software, particularly) and so on.

The aim of this symposium was to examine the potential and problems of integration, particularly where flight
critical and mission critical systems are both involved. Its timeliness, insofar as the current state of the art is concerned, is
quite apparent, and the potential value of bringing people from the different NATO nations together on the subject is
great.

Unfortunately, delegates arriving at the conference expecting to hear the published programme of 24 papers were
surprised to leamn that S papers, all from the US, had been withdrawn at the last minute. The 129 people whose time and
travel costs had been committed had every resson to regard this situation as scandalous, and it is thankfully without
precedent in the history of AGARD. In the event, both organisers and audience responded to the situation very well, and
good use was made of the extended discussion periods which resulted.

3. TECHNICAL CONTENT

Opening Session

The symposium was welcomed to the college by its Director, Ing. Gen. Flourens, who gave an interesting acoount of
the piace of collepe in the French system of higher eduction, its history and organisation. Having been founded in Paris
in 1909, ENSAE claims to be the aldest aerospace school in the worid.

The Keynote Addiess was given by 1t Werner M. rich, of the West German Federal Ministry of Defence.
After touching briefly on the history of Tean’  gwe control systems he showed how the advance of digital
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techniques has now made the comprehensive integration of these systems possible. However the great complexity of the
software that would be involved makes consideration of software reliability most important, and it will set limits to the
degree of integration practicable. He postulated a major difference in software complexity between complete or total
integration and “reasonable’ integration, which he defined as comprising optimised subsystems coupled together through
well defined interfaces. This he felt would not fully meet user requirements for system performance and reduction of
workload, but would come much closer to their requirements for cost, serviceability, testability and flexibility of integra-
tion of new weapons and equipment. It is the responsibility of technical people to ensure that the right compromise
between these factors is achieved.

-~

Session I — Integration of Fire Control Systems

The first paper (2, Aden) provided an example of an integrated weapon/fire control system concept, developed to
meet the perceived need to attack numbers of tank targets simuitaneously and at low cost, from an aircraft at high speed
and low level. Innovation features were the case of a hyper velocity missile, with corrected beam riding guidance based
on a small amplitude, precision raster scanning laser beam, some features of which had already been tested. The concept
seemed likely to stand or fall, however, on the ability to obtain rapid reaction through automatic target acquisition, using
FLIR in the first instance, or later, perhaps, a laser radar. The paper aroused considerable interest and provoked many
questions, mostly on matters of fact.

The next paper (3) by Brodersen described the integration of an, essentially, existing weapon, the Penguin ASM,
with an existing aircraft, the F-16. It demonstrated that the flexibility of modern digital systems can provide for the
interfacing of two complex equipments and still allow great flexibility in use. The conclusion that no hardware changes
were necessary but very considerable software was required is perhaps typical of our times.

Barling in his paper (4) dealt with the integration of three normally separate sub units to form a single sub unit, with
the main benefit of lower cost. Previous conferences have heard descriptions of the combination of headup display and
weapon aiming computers, and this was now carried a stage further by the inclusion of the navigation unit. In this case
integration was more physical than functional, and the interface with the pilot was therefore different mainly in being
confined to a very limited panel space — this constraint was elegantly dealt with by the use of ifluminated push buttons.
Having thus achieved economy largely through the use of a common computer, the author was led to consider whether
this indicated a trend towards total integration through a single central computer; like Herr Fraedrich he rejected this
idea, however, because of the need then to raise the integrity of all parts of the system to the level of the most demanding,
and also because of problems of common mode failures.

Next Triebe presented a paper (5) written in conjunction with Schrammer, describing the auto attack modes in the
Tomado weapon system, with particular reference to delivery of the German MW 1 and Kormoran weapons. ;
Unfortunately the paper was almost entirely descriptive, with little reference to the logical basis of the design or to the i
lessons learned from it; this was probably why this was the only paper in the session to arouse no question from the .
audience.

The final paper of the session (Roquefeuil, 6) set out in very logical fashion the arguments involved in the design of
an electro optical sight and fire control system for helicopter air to air gunfire. The need for quick reaction and minimum '
crew workload had led to maximum use of automatics and careful choice of the functions required of the crew. Flight
tests to verify operation of automatic target tracking and determine optimum parameters were briefly discussed.

The mostly active question periods after the individual papers were supplemented by a final more general discussion,

which quickly tumned to the role of the aircrew — are they needed and if so what for? While the view was expressed that

most of the flight control tasks should be automated to allow the crew to concentrate on the weapon/target tasks, it was

also stated that the pilot’s feel for the aircraft is most important for man-machine integration, therefore if there is a man

in the vehicle he should be a pilot. It might have been pointed out, though it was not, that the objections of Herr '
Fraedrich and Mr Barling to total integration tend to disappear if there is no pilot — conversely, with total integration

there may be no need for a pilot, as, for example, in guided missiles. Threre was general agreement, however, that air

staffs composed of pilots are never likely to produce requirements for aircraft without pilots. ,

Session I — Integration of Propulsion Control Systems

This was an interesting session in which the feasibility of beneficial technology transfer was demonstrated in
generous acknowledgement by engine control system designers of their debt to flight control system technology. The
opening paper (7) by Seemann and Lockenour, demonstrated the application of moderm flight control system design
techniques to engine control system design; it was claimed that digital control systems designed in this way would enable
full performance to be extracted from the engine without the constraints normally imposed by control system ;
limitations. The advantages of system design testing by simulation were stressed, particularly the cost savings from '
getting the design right at the earliest possible time, This was an impressive and well presented paper, though there were
those who felt that the design philosophy advocated might lead to excessive complexity.
|

Rambach (8), in spite of the title of his paper, dealt mainly again with engine control system design, pointing out the
need to separate the flight critical basic control elements and treat them differently from the rest. The information
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normally available within a modern control system can be used for automatic test and status evaluation, so relieving pilot
workload.

In a well presented paper (9) by Seabridge and Edwards, various possibilities for integration between powerplant
control and other aircraft systems were described, with concentration on integration of the engine and its control system
into the aircraft utility systems architecture. Techniques for integration, practical benefits and problems were
enumerated in a realistic way. The authors also pointed out the inevitability of integration of engine and flight control in
advanced VSTOL aircraft using thrust vectoring.

The next paper (10) was presented for its absent author, McNamara, by Seabridge. It described the design concepts
of a system combining engine control, powerplant instrumentatiion, and data communication with aircraft systems to form
an integrated engine control and management system. It took the principles outlined in the first three papers of the
sesston a stage further towards practical design, demonstrating how a very high level of fault tolerance can be obtained by
making maximum use of redundancy through the flexibility of digital control and data bus management.

The last paper (11) of the session carried the progression a stage further with a discussion by Eccles of a system
under development for the AV8B aircraft. In addition to the engine control its integration with flight control was also
dealt with, showing how major performance improvements could be secured.

This was an excellent session, with all the papers reaching a high standard. It was unfortunate that the schedule
allowed no time for discussion after the individual papers, but a period at the end of the session provided an opportunity
for a lively exchange of views. A good deal of attention was devoted to software testing and integrity, and it was
interesting to find the speakers feeling that the sroblems in this area are over-rated, providing that careful specification
and proper procedures are followed.

Session [l - Integration of Diagnostics, Self-test and Built-in Test ;

The possibility of using a common set of inertial sensors to meet all requirements of navigation, fire control, flight
control and other systems has been under discussion for some years, and paper 12, by Young et al., described a pioneer
attempt to put this into practice. The laser ring gyro is an important building brick for this purpose, since it combines
the accuracy required for navigation and the wide bandwidth and quick warm up needed for flight control. This was an
excellent paper, with a frank description of the problems encountered which stimulated a lively discussion period.
Perhaps the most important conclusion was the need to bring together inertial system designers and flight control system
designers — integrated systems need integrated design teams!

In the next paper (13), McKinlay set out to consider the need for increased integration to reduce pilot workload
while providing greater accuracy in three dimensional flight path control. His paper demonstrated once again the
difficulty in finding the best line of approach to meet the needs of ground attack, in comparison with the relative
simplicity of the air-to-air combat situation. The conclusion seems to be that an optimum blend of automatics and pilot
control is likely to yield the best compromise between workload, cost, performance and flexibility.

‘A diagnosis scheme for sensors of a flight control system using analytic redundancy’ described in the paper (14) by .
Stuckenberg, is an attempt to use software to reduce the need for redundancy of hardware in flight critical systems. The
success or failure of such a scheme depends essentially on practical limitations, and flight test results were described.

[ The last paper of the session (15), by Courtois covered the design of an integrated system of maintenance, in which
; built in test is managed and recorded by the central computer via the data bus. Thus low level testing can be interleaved
; with operational use, with the test record available on landing. The advantage of testing under flight conditions should
13 help to remove that maintenance bugbear, the fault which only manifests itself in flight. The following discussion
indicated a strong interest in this paper.

. Session 1V - Integration of Propulsion and Flight Control | 3~ « Tolevesd 0 e £ ard F;.:b* Gortre,
Cooperation between AGARD Panels was apparent when Prof. Jacques of the Propulsion and Energetics Panel, ’ ,»f

took the chair for this session. Unfortunately it was also at this point that the symposium was most seriously affected kS

by the problems already referred to, for not only were 4 papers withdrawn from the last two sessions, but also there were . !

no preprints available for 3 of the surviving papers, and no paper appears in the Proceedings for 2 of them, with a

consequent impact on the quality of this report.

Paper 16, Design Methods for Integrated Flight/Propulsion Control Systems by Skira and Small, AFWAL/POTC,
Wright-Patterson AFB, Ohio, USA, noted the trend which will lead to future fighter aircraft being required to have a wide
range of capabilities to deal with a variety of different types of mission and situation. This requirement for versatility,
they considered, is likely to lead to the use of two dimensional thrust vectoring and reversing nozzles to obtain better low
speed manoeuvrability, and variable cycle engines for faster thrust response and freedom from stall problems. Flight
control, inlet control and engine control will all be linked by an overall feedback loop, with the pilot operating a compre-
hensive manoeuvre command control, designed to make the control loop transparent to the pilot. In response to a
question on the difficulty of pre-flight validation of such a system, the answer was by a comprehensive programme of
simulation and rig testing.
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In the only paper in the programme deailing with systems for civil aircraft, Wuest (18) described a system designed
for flight economy in the Airbus, providing automatic control to achieve specified profiles of speed and height rate.

Pattinson (19) presented an aircraft designer’s view of engine/flight control system integration, as applied to a future
VSTOL fighter. Postulating, like other speakers, a manoeuvre demand control over all components of acceleration, he
anticipated benefits in performance from the resulting freedom from the need to design the aircraft to basic handling
criteria. The importance of thinking out the interface with the pilot, and of adapting thrust priorities to the flight
regime, were clearly brought out. This was a challenging paper, and brought a good response from the audience in a
question period ranging over redundancy philosophy, the man-machine interface and computer hardware and software
design.

Session V — Integration of Fire and Flight Control

The final session was chaired by Mr A’Harrah of the Flight Mechanics Parel: it was reduced to only two papers.

Paper 20, *AFTI/F16 Automated Maneuvering Attack System — A Concept in Combat Automation® by Ramage,
AFWAL/FII, Wright Patterson AFB and Lydick, General Dynamics, Fort Worth, Texas described a system designed to
operate effectively in the very short time available in high speed low level flight for target acquisition, identification and
weapon delivery manoeuvres. The F-16 aircraft, fitted with a triplex digital flight control system and two vertical canards
under the engine intake which can give 2 g lateral acceleration in a flat turn, was already in flight test at Eglin AFB, this
comprising Phase | of the programme. Phase 2, the Automated Manoeuvring Attack System (AMAS) was being prepared
for flight testing in Spring 1984 its main features were a FLIR/laser target acquisition and attack sensor, an integrated
flight and fire control system, a pilot's voice command and helmet sight system, and automatic fuze setting. The
gimballed FLIR sensor/tracker would provide the information to compute lead angle error and line of sight steering
commands, enabling the flight control system to make an automatic attack on the target. The following control law
modes will be selectable by the pilot: normal, air-to-air gunnery, air-to-ground gunnery, air-to-ground bombing. To ensure
pilot confidence in the system considerable attention is being paid to integrity management, including built-in test,
carried out continuously in flight where necessary, incorporation of multiple operating limits, and an arrangement
enabling the various computers in the system to test one another. When the system is operating automatically its inten-
tions are depicted to the pilot on the head-up display (HUD).

Answer to questions elicited the following further information: initial target acquisition will be by the pilot using
either the helmet sight on the HUD: whether the helmet sight could be successfully used under g was as yet unproven.
Voice command had proved very useful in laboratory simulation to insert corrections to an inaccurate helmet sight
designation: however, voice command was proving much less successful in flight because of the effects of the oxygen
mask, pilot stress etc. In order to provide assurance of not hitting the ground the radar altimeter has 360° coverage in
roll, and latest time to pull up is continuously computed and displayed. Pilots apparently like the flat-turn capability
provided by the canards because they can line up the aircraft more rapidly: they are not likely to use it above 1 g. In
the triplex flight control system, after an initial failure a self test routine is initiated which allows one of the remaining
two channels to be selected for use; the original analogue systetn is also retained as a back-up. Danger of common channel
failure due to the use of common software can be averted, it is hoped, by the built-in test, in-flight monitoring and
continuous checking of the safety of proposed manoeuvres, (Because no text is available this paper and No.16 have been
reported as fully as possible here.)

The final paper of the symposium (21) by Dang Vu and Mercier described a theoretical approach to air to ground
gun aiming, in which improvements are obtained by sophisticated multivariate processing of pilot steering commands.
The pilot acts essentially as an estimater of aiming errors, using the control stick to command sight line velocity.
Although the control law derived is essentially non-linear, a simplified linear version had been tried in simuiator tests
with some success, and pilots had found it easy to control. Separate controls might become necessary if pilots found it
confusing to changeover between this and normal flight control.

4. AUDIENCE REACTION

The symposium was attended by 129 people, and the generally high quality of the question periods and discussions
suggested that the majority at least were expert in some part of the field; very few, however, came from the aeroengine
industry,

Questionnaires were completed by 19 attendees; their responses have been summariged as follows:

Question Good Average Poor
al  Quality and relevance of papers, sessions and questions 7 8 3
a2  Did the papers support the theme?* 6 11
a3  Did the symposium live up to your expectations?* 11 8
bl  Views on operational issues and requirements 3 1 6
b2  Assessment of technology (state of the art) 4 3

*But there were many compisints sbout the missing papers.
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The response to question a3 is disappointing, since AGARD symposia are usually score better than this; moreover
some respondents indicated that their expectations were in any case low. However, there is no doubt that cancellation of
SO many papers was very strongly resented by the audience.

Responses to questions on particular technical challenges and unresolved problems, while giving a very wide range of
answers, focussed particularly on three points. First, what is it that integrated systems, and, it might be said, future
aircraft in general, are really required to do? -- there was a general feeling of lack of definition of the problem. Second,
the correct role for the pilot in a highly automated system needs much more consideration. Third, there was a general
consciousness of the need for much more interdisciplinary interaction (particularly, perhaps, with the engine and human
factors experts who were largely absent from this symposium).

5. TECHNICAL APPRECIATION

The answers to question b1 of the questionnaire reflect the fact that we are in a period of considerable uncertainty
as to the requirements for future aircraft. Is a high degree of sophistication in the aircraft justified for the better delivery
of old fashioned weapons such as bombs and cannon fire? Brodersen’s paper (3) demonstrated that a certain level of
integration is required by the most modem weapons, but could this be generalised into a more universal requirement?
The technology to provide major improvements will clearly be available over the next few years, but which direction to
proceed presents a real problem; the thoughtful paper by McKinlay (13) aired some aspects of the problem, but came to
no very definite conclusion. Given these doubts as to what future systems may be aiming to do, it is perhaps not
surprising that there is also uncertainty as to what the role of the man in the system should be. Even so, there are
grounds for feeling that more progress could be made in defining the role of the pilot in semi specific terms, and at the
detailed level there should be scope for working out the optimum interface with speech recognition systems and other
recent developments. More man-in-the-future-cockpit simulation is certainly required.

On the more directly technical front the conference did very well, the missing papers being at least partially
compensated by much useful discussion. Almost certainly it served to put the problems of digital system integrity with
a better perspective for many of those attending. The importance of some peripheral areas which are often paid little
attention in the formulation of the original system concept, but are nevertheless vital, was well demonstrated by the
paper on integrated maintenance by Courtois. A number of papers dealt impressively with the design of systems of a
relatively high level of integration, and in particular the prospect of a comprehensive flight control system for VSTOL
vectored thrust aircraft in which engine control actions are treated simply as components of flight control, provides one
promising direction for future progress.

6. MILITARY-POTENTIAL

As has been indicated already, the potential military benefits of integration were not clearly brought out, there being
a general taking for granted that more integration must be good. Integration can be applied, however, in a wide variety
of different ways, and the military and the scientists and engineers need to evolve clearer perspectives of which of the
wide range of possible benefits should be aimed for, and what cost would be acceptable. There can be no doubt,
however, that further progress in integration will be of genuine value in some areas, and clearly the flight control of
thrust vectoring aircraft is one of these: more generally, worthwhile improvements will come in both air-to-air and air-to-
ground combat, but the best way to obtain them has yet to be thought out.

7. PRESENTATION AND ADMINISTRATION

The French authorities are to be congratulated on the local organisation of the meeting and the facilities provided:
apart from very minor problems with busses, everything went smoothly and efficiently. As with meetings in most large
citities, delegates were scattered over many hotels, and a recommendation of, say two neighbouring hotels would have
helped to promote social activities in the evenings. The Programme Committee undoubtedly put together an excellent
programme : had it survived intact it would probably have maintained a higher general level than most AGARD symposia. 1
Fven the revised programme served as the basis for what was undoubtedly a worthwhile conference, though it was
unfortunate that the rescheduling did not allow a more even distribution of discussion periods: some discussion time after
every paper should be the rule.

8. WITHDRAWAL OF PAPERS

Although those attending made the best of this occasion, any repetition of a large scale withdrawal of scheduled
papenrs is likely to be disastrous for AGARD, for the word would soon get around that the programmes of AGARD
conferences are not to be relied upon, and there is no shortage of travel budget cutters who would exploit that. To insist,
as many delegates suggested, on an absolute guarantee of all papers in the published programme would probably be quite
impracticable, or at best would lengthen the process of preparation to a degree imccmpatible with fast moving
technology. Undoubtedly something can be done to see that US authors produce papers more in line with their censor's
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requirements, and this need not necessarily reduce their value to a symposium - it is not so much technical details that
are appreciated by an audience as arguments for and against different courses of action, descriptions of problems and
their solutions, etc., which often seem to be quite allowable. Ultimately, however, it must fall on all those with any
possible influence on US policy in this matter to attempt to make it more compatible with an alliance of free nations.
otherwise not only AGARD, but in the end NATO itself may be irreparably damaged.

9.  RECOMMENDATIONS

(a) In spite of the collaboration of the Flight Mechanics and Propulsion and Energetics Panels. there was little evidence
of participation from experts in these areas. Possibly AGARD should seek means of achieving better interaction
between different disciplines, in areas of common interesi: if this had been the only Spring meeting for all three
panels a better cross section would probably have been observed in the attendance.

(b) If such multidisciplinary participation could be assured, there are a number of aspects of this topic which many
delegates, and I share their views, considered worth further action: in particular symposia designed to bring out

the broader issues of where greater integration will really be justifiable, and to deal more positively with the human
role in highly integrated systems are advocated.

(c) Attention is again drawn to the recommendations contained in paragraph 7 above.
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INTEGRATION OF FIRE, FLIGHT AND PROPULSION CONTROL SYSTEMS,
AN OVERVIEW, RETROSPECTIVE AND PROSPECTIVE
by
Werner M. Fraedrich, ORR, Dipl.-Phys,
Federal Ministry of Defence

RU IV 6

D - 5300 Bonn
West Germany

SUMMARY .

~7System integration requires extensive use of digital data processing.-~ Therefore,
after a brie£ glance back into time,-§ome peculiarities of data processing wiil-be - +. <
shown in detail. With two exampIeés the paper will>demonstrate$ what the problems
areiid:h:t can arise with a totally integrated system end how some of them may be
avoided.

1 Ilg(TRODUCTION

In its course, a great deal is sure to be said about the advantages of integrating
the individual systems, so I am going to dispense with any remarks about that side of
the business and do some reminiscing instead. The result will help you see that data
processing alone has enabled complex systems to be made and integrated. Last autumn,
the Avionics Panel held a symposium on Software in Avionics. Addressing that symposium
on "Avionics Software - the State of the Art", Dr W, Ware said that progress in hardware
led to umpteen percent improvement in performance, but that progress in data processing
enabled performance to be improved by whole orders of magnitude.

I should 1ike to stress that statement and assert thet progress in hardware components
is for the most part achievable only when data processing is used in all the various
individual developments.

Considering the magnitude of the importance attaching to data processing, ana
beceuse the problems that can crop up in developing software are frequently underestimated P
by subsequent system users, I shall be going into some detail in the second part of my
paper on software end its peculiarities.

I shall be closing with a pessimistic example of what the problems are that can
arise with a fully integrated system and s few hints as to how some of them may be
avoided. But knowing the problems does not mean that you have not any more! Everybody
probably knows the problems that icy roads can lead to. But I personally do not know of
any s<(:1ution -)except the obvious one, namely staying at home - which is worth its
salt (fig. 1).

2 A BRIEF GLANCE BACK INTO TIME

There were no such things as control systems when military aviation began (fig. 2):

- Heading and attitude were controlled by the pilot directly through the stick '
and his pedals,

- The engines were controlled by using the throttle and advancing or retarding
the spark.

- Fire control was rule of thumb on the part of the crew - you only have to think
of the first bombing raids.

It was not long before they began to think about how to relieve the pilot and
crew of some of their work and how to improve the probability of the weapon's success.

In the case of flight control, this led to the development of stabilisers, heading
controls, and dampers, which made it easier for pilots to hold their attitude and course )
and improved the manoeuverability of aircraft. Almost simultaneously, the development |
of the autopilot and its integration in the flight control system began. That led to {
the guidance and control system, to be found nowadays in nearly every aeroplane.

Fire control was at first improved with fixed sighting devices, which, however
in the cou:;e of development allowed certain parameters (such as speed and cmasvind)
to be varied.

Engine control was at first - vhen seroplanes flew with piston engines - similar
to engine control in automotive enfineering, t more complicated due to the different
flight levels used, Engine control of modern turbo engines is s more complex task, done
by the fuel control unit, which has to consider a great mmber of paremeters, But this
is where, as demands upon the engines increase, demands upon the fuel control unit
rise considerably, especially in respect of engine handling. It has to

(1) protect the engine from excessive temperatures, speeds, and pressures,

(2) ensure rapid acceleration and deceleration without any faulte (flow separation,
pumping, flame-out), and

(3) ensure that thrust is always directly related to throttle lever position,
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Now, after thet brief glance at the individual systems, back to more general
matters,

Those controls were all analog and contained mechanical, hydraulic, pneumatic,
and/or electric components, Since at least flight and engine control have to be
reliable in operation - their failure may well be safety critical -, there was a limit
to their complexity, and consequently to the integration of the individual control
systems.

The fact that fire control was merely mission critical, but not flight critical,
led both to the use of complex control units such as mechsnical or electric anslog
calculators, and to the comparatively early employment of the digital technique: after
all, failure in flight was not critical.

The digital technique has now overcome one of its teething troubles: it has become
very reliable. Another advantag: is the tremendous drop over the past few years in the
price of hardware components. gital computer programmes - which is to say software -
make it possible nowadays to have associations and carry out functions of almost unlimited
complexity. I shall be going into their reliebility a little later. And all that
makes the comprehensive integration of flight control, fire control, and engine control
systems possible.

As I showed at the beginning of my paper, the use of data processing makes
possible boosts in perforwance which are not feasible simply by improving the hardware
components. One important reason is that, as I have already said, very much more complex
associations and functions are possible. That realisation should not ve allowed to
lead to the stereotype -~ and consequently premature - decision, "it is too tricky for
hardware; let the software do i1t", for software has its problems, too (fig. 3¥.

3 DIGRESSION INTO DATA PROCESSING

Considering the importance of software, I want to delve a little into its
peculiarities, specifically

- its complexity,
- its errors and its reliability, and
- its development,

At the same time I am going to try and correct a few widespread, but false, ideas,
such as the view that "software is cheap to make and easy and cheap to change". In
reality, it is confoundedly difficult to tgut together software that is free from error,
adequately tested, and able to meet all at 18 demanded of it.

3.1 THE COMPLEXITY OF SOFTWARE

One of the reasons for the widespresd assertion that software is cheap is the
fact that the complexity of software is vastly underestimated by the majority of software
users, If you compare software with hardware (fig. 4), you should always keep in
mind that a programme (actually quite a small one) consisti of 10,000 machine code
instructions (which is about 2,000 to 3,000 HOL instructions) is equivalent to circuitry
consisting of about 10,000 circuita. Whilst the software is apparently easy to survey
as a listing, when the hardware is made up of individual components the expense becomes
discernible by the extent alone (roughly 200 plug-in cards)!

3.2 SOFTWARE ERRORS/SOFTWARE RELIABILITY

There is a fundamental difference between software and hardware errors. There
are no signs of wear and tear or fatigue in software, Software errors are in a
programme right from the beginning, but they only come to light when the programme route
containing the false instructions is run, Even then, however, it is not certain that
the error will emerge if its effect is too slight in respect of the current feed-in
conditions, There are examples of errors that have been in programmes for years on end
without being‘giscovered sigly because the deviations in the final results have been
too small. damentally, e same problem exists in the case of hardware, especially
if the hardware is complex. But software is complex almost by its very nature, so
that this problem is never missing.

Let me give you a small example, A computer with fixed comme arithmetic had to
work out the sin/cosin value of es measured with sensors. It was overlooked that
the scales used with the individual attitude angles were not identical, and the result
for one angle was the wrong sin(2x) instead of the right one (x). That error remained
undetected until the factor contai&ing the term should have assumed its maximm value
(at x = 909), but showed O (8in180° = 0),

But to get back to the general facts sbout software errors.

We can make these distinctions (fig. 5)
(1) Systems errors in design and
(2) programming errors.

L
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In the case of errorg in design, the mathematics and logic with which the
problem is described 80. contain an error or errors, These are often treceable
to difficulties of wording and understanding, both in describing the problea and in
specifying the system.

In the case of programming errors, one can again draw a distinction between

(1) errors on the part of the programsmer and

(2) compiler errors.

Whilst in the case of (1) the programmer puts down wrong instructions, so that
his programme does not fulfil the system :gecifleation, in the case of (2) the programme,
written in a higher programme language, tallies with the system specification, whilst

the controllable machine code compiled by the compiler does not. This error, of course,
can be traced again to

- a system design error or
- a programming error
in compiling.
What, then, cen be done to enhance the reliability of systems containing software?
- You can try to eliminate errors.

- You can try to tolerate errors; for instance by having redundant systems in
the software as well. (If you do that, the reliability of a duplex system must
be calculated on fig. 6b and not fig. 6a.)

But there is another property which enhances the reliability of software, and
that is robus%esg. By that I mean that the software concerned is capable of standing
up to untoward events, such as feeding in data outside the specification.

3.3 THE DEVELOPMENT OF SOFTWARE

I am sure what I have just been saying sounds very nice. But the question is,
how can it be used?

To answer it, let us take a closer look at the genesis of software. Broken down
only very roughly, it looks something like this (fig. 7):

- In the first instance, there is only a verbal description of the problem (which
is to say the system planned).

- That verbal description has to be converted to a mathematical/logical description -
(say speciﬁcationg.
- On the basis of that specification, taking in a few intermediate steps which I
am not soins to discuss at this juncture, the programme is draughted and written
(encoded) ard tested.
~ Finally, the software is integrated with the hardwere and the whole system is
tested,
As you will have learned from literature on the subject (fig. 8), only about a
quarter to a third cf the errors in software are traceable to errors on the part of the
programmer, which i:¢ to say to errors which arise in converting the specification (i.e.
the mathematical/logical requirement) to the code. Seventy-five percent of such errors :
come to light before the final test phase. In this sphere, the number of aids to
4 proving agreement between specification and code is continually growing. But most of
the errors (about two thirds to three quarters) are system designing errors, which is
to say they crop up in converting the verbal requirement to the mathematical/logical
specification, And seventy-five percent of these errors remain undetected until the
final test phase or even the service phase, Thet is where sids are lacking, and I
doubt whether there ever will be any. The main problem, one that will continue into
the future (and not onl{ in respect of software), is "how can it be demonstrated that
the mathematically and logically precise description (which is to say the specification)
of the project system
(1) is correct,
: (2) covers all eventualities, and
1 (3) tallies precisely with what the user wants?"
But let us get back to the subject of this symposium. ,
3 4 INTEGRATED SYSTEMS
. In a modern, high-performance military aeroplane - teke the MRCA/Tornado, for
instance - the two-man crew have their hands full with
- flight control,
- navigation,
- fire control, and
- keeping an eye on the terrain they sre overflying and their enviromment.
— t - g
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If all that had to be done by one man alone, he would be overtaxed, and the success
of the mission would be very doubtful. But the second man in the cockpit needs a great
deal of room, his own supply and rescue system, and his own displays and controls. And
that increases the deadweight of such an aircraft by some few hundreds of kilogrammes.
That increase in room and weight means more powerful engines with a greater fuel
consumption, which in turn means that more fuel has to be carried. all that means
that a two-seater aeroplane cannot be below a certain size if it is to have the
required radius of action in the operational conditions laid down. So user demands
for small aircraft with a low fuel consumption can hardly be met. However, in the light
of the worldwide 0il crisis such demands are becoming more and more frequent. Not-
withstending the difficulties involved, technologi progress in recent years makes
it possible to come a little closer to meeting them:

Attempts are being made to automate as far as possible individual systems, and
consequently the overall system, always leaving the final decision to the pllot. Such
automation, however, calls for an integrated system (fig. 9), since an automatic attack,
for instance, is feasible only when a fire control system sensor has acquired a target
and the guidance and control system and perhaps the engine control system are so governed
that the aeroplane automatically holds a headinf consonant with the engag;ment of the
target. In a weapon system of that kind the pilot - depending upon the flight phase -
can devote himself to the main task, be it flying the aseroplane, using the weapons, or
watching a display. This lessening of the burden upon the pilot is a decisive requirement;
after all, investigations have shown that roughly seventy percent of the flying accidents
that have taken place in recent years have been due to pilot stress.

Now, there I have pointed to two important reasons for integrating

- the flight control/flight guidance system,
- the fire control system, and
~ the engine control system.

They are (fig. 10)

51; relieving the pilot of some of his work, especially in single-seaters, and
2) the improvement of overall systems,

However, integration is also governed by certain parameters, such as

1) good serviceability and testability,

2) ease of integration with regard to new weapons and equipment, and

3) the use of known standards, such as

- the Deta Bus-STANAG 3838 { = MIL-STD-1553 B) and

-~ Aircraft/Stores Electrical Interface STANAG 3837 (= MIL-STD-1760).

To wind up this paper, I want to show you where I see the limits of integration
and how I think integration should be accomplished.

4,1  THE LIMITS OF INTEGRATION (fig. 11)

If you want to design an integrated system to the optimum by which I mean so that
it always behaves in the best possible way - for instance with regard to

- weapon effect,
~ fuel consumption,
- pilot stress, and
- survivability,

you can only do so by taking integration into account right at the beginning, in the
earliest design phases, which is to say by establishing all the control laws in accordance
with the ultimate design. That also - and especially -~ means that the o system

has to be optimalised with all its control laws. There is no doudbt that such a svs
can be developed, but it is going to be very extensive and complex. I do not intend to

go into any detail at all on the difficulties that would attend its development.

For the sake of simplicity, let ues assume that such a system exists, and that it
is used; consequently, it must be maintained and serviced. fore and after missions,
you have to find out whether a sub-system or a plece of equipment is defective. The
more complex the system is, the more difficult your Job ie going to be. That applies
in perticular when you have to find the e of the error, even though the effect is
known: 1is the error to be found in unit X, In the coupling with unit Y, or is it merely
due to the fact that several items are at the edge of the admissible toierance?

Another thing to be considered is that the requirement for testability is foing
to increase the conplexia of the entire system and, consequently, reduce its reliability,
since 1t is not only in the system itself that errors exist or can occur; they can
also be present in its monitoring and testing elements.

We can sum by saying that & "totally integrated" system will certainly not
meet the justifiable demand of the user for good serviceability and testability.

But such a system will not only be used; the time will come when it will have
to be modified - to integrate s new weapon, for instance., If you want to ensure that




the system behaves optimally at all times with this new weapon as well, you have to re-
engineer the control laws of the entire system. It may even be necessary to use other
rpproximation procedures if the required real time behaviour cannot otherwise be maintained
(for example the frequency with which the neceasary pearemeters are updated). It will
probably be necessary to rewrite a large amount of the pertinent software, And emendments
to software are beset by the unpleesant fact that each one may quite unintentionally inject
new errors into the programme (or cause errors elready present, but thus far dormant,

to take effect). You may think that sounds pessimistic, but anybody who has had anything
to do with software and its amendment, I am sure, will agree with me, Changes in software
is the ll:ryiﬂak':ere where Sod's (Murphy's) law comes into its own: if anything can go
wrong, will!

Since this rather gloomy example is concerned with a totally integrated system, we
cannot rule out effects upon the basic flight control system., And in that case the
licensing authority will call for the aircraft to be relicensed - after passing all the
pertinent tests. Let us not look at how difficult that is with such a complicated
system. Here again, we can sum up by saying that a "totally integrated" system will not
meet the justifiable demand of the user for the easy integration of new weapons and
equipment (fig. 12).

That means that two important parameters demanded by the user are not met; only
the requirements for pilot relief and the improvement of the overall system have been
taken care of, The third parameter, the use of known standards, may be fulfilled, but
in this case, apart from the simplification of the electrical and logical integration
of the hardware, it offers none of the advantages hoped for. So integration must not
be practised in the way this example portrays it.

4,2 REASONABLE INTEGRATION (fig. 13)

There is not the slightest intention underlying the example (I have just given)
to bedevil integration. But to my way of thinking you have to exaggerate if you want
to bring the necessary emphasis to bear on the problems that can beset it. And that wes
the only intent of the example.

There is no doubt that integration is a sensible aim, provided that it is prosecuted
in such a manner that it remains controllable. In my view that means that you have to
try to design each system, for instance

guidance and control,
navigation,

fire control, and
engine control,

to the optimum and give it an electricelly and logically clearly defined interface through
which it can trensmit commands to the other individual systems or receive commands from
them, That means in particular that standards are used wherever possible for

- data transmission in and between the subsystems as per STANAG 3838,
- aircraft/store interface as per STANAG 3837, and
~ programming - here a standardised high order language; for instance Ada.

[ A |

One system (fire control for example) then controls the others by transmitting
commend signals thro the defined interface to the others (guidance and control for
instance). The individual system receiving a commsnd then determines whether it can
be carried out, or is admissible, which would certainly not be the cese if the fire
control system in an aircraft fly, at 600 knots ground speed and an altitude of a
thousand feet wanted to have a 45 ve to bring the weapon to bear on target. Inosuch
a case, the flight control system must report back, "No; only dive angles below 20
possible”. That, of course, may mean that the weapon cannot be used. That example
will show you that the flight critical systems (in particular the flight control system,
but the eng‘j).ne control system as well) have to have a "veto", which can report back and
80 bring about changes to the commands transmitted by the "requesting individual systea".

Now, let us take a look at maintenance and service in this case, too. Since the
individual subsystems of the weapon system are connected together thro logically
well defined interfaces, it §8 very much easier to trace errors to specific subsystems,
Since, however, errors are to be localised if at all possible at LRU level, the sub-
systems themselves have to be very carefully designed to meet this requirement for good
serviceability.

But let us return to the example of subsequently integrating a new weapon. What
has to be done in an inteilmted system of this kind? In this case, the fire control
system e has to be modified (and that 1ittle word “alone" does not mean that it is
going to a simple, chesp modification!). Commands issued to the other individual
systems atill go out thro the well defined interfaces., So no changes are necessary
in the other systems. Such an servplane will therefore not lose its genersl licence,
which - after the requisite tests have been cerried out - will merely have to be
extended to cover the new weapon. The complexity of the modification here, then,
depends mainly upon the complexity of the various subsystems,




There 1s another advantage of such a system that I would like to touch on briefly,
and thet is that a considerable amount of the cost of development and testing can be
saved by real time simulation (where appropriate as hardware-in—the—loog simulation).

Such simulation is much easier if you begin by simulating the individual systems. With
step-by-step integration of the individual systems through well defined interfaces

you can go over to simulating the entire system. Here again, modifying a single subsystem
will in general have no effect upon the other subsystems. The only exception is where
the interfaces have to be modified; in that case, however, the original system would

not meet the parameters I have severally referred to.

To sum up (fig. 14), then, it may be said of an integrated system consisting of
optimalised subsystems coupled together through electrically and logically well defined
interfaces that it will probably not meet the user requirement for pilot relief and
overall system optimisation quite so well as a "totally integrated" system, but that it
possesses the decisive advantage of being able to meet the user perameters of

- good serviceability and testability,
- easlly integrated new weapons and equipment, and
- the use of known standards,

provided that 1ts subsystems meet that requirement.
5 CLOSING REMARKS

In the examples I have given you, I have demonstrated what problems cen occur with
integrated systems and how you can get around them. Even an integrated system consisting
of optimalised systems connected together through well defined interfaces must be very
carefully analysed and desigred. As I have already said, knowing the problems does not
mean that you know the solutions as well!

Looking back at our two examples, let me ask a purely rhetorical question. Which
of these two weapon systems can be better handled by a user:

- one that is totally integrated, using standards, or
- one that is integrated through well defined interfaces which do not conform to
any standards?

I herdly think it is possible to reach a decision on that point. Either weapon
system will give the user a very bad headache. The conclusion is that standardisation
and intelligent integration gives a user advantages, One without the other is not enough,

Before I close, I went to say a few words about a matter which has no direct bearing
on the integration of individual systems: namely, the multi-use of sensors. The
individual control systems all call for a knowledge of certain environmental data, such
as

- atmospheric pressure 1(:gilot and static),

- the angular rates of the aircraft, and

- the attitude of the aircraft.

Here, there is a possibility of using the data from one sensor in several control
systems, whether as master sensors or as redundant sensors. This field of multi-using
sensors is another field which has to be very carefully analysed when the system is
designed, since it frequently happens that the various control systems call for differing
degrees of precision and failure behaviour, The high degree of precision demanded by the
fire control s¥stems must not be allowed to result in having several highly accurate -
and consequently expensive - strapdown platforms in a single overall system. In such a
case it 1s quite certainly cheaper simply to have one in the fire control system and to
give the flight control its own, less expensive sensors, and to use the platform data
there at the moat as a back-up zfor instance in deciding which of the channels is
defective).

I hope 1 have made it clear to you that systems of well-nigh unlimited complexity
can be created by using digital technique. But the cost of such systems is out of all
proportion to their degree of complexity.

Our task in future will be to look for a reasonable compromise between the
understandable wishes of users and what is financlally and technologically feasible. We
do not want the next generation of NATO military aircraft to consist of mechanised,
armed hang gliders (fig. 15), simply because there are not enough funds to pay for
other systems in the requisite numbers, although hang gliders do meet a few important
requirements, such as

- a wide radius of actlion,
- a short take-off and landing capability, and
- a very small radar cross-section,
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HYPERVELOCITY MISSILE - BASED ON THE CORCEPT OF
AIRCRAFT/MISSILE INTEGRATION FOR MAXINUM FIREPOWER

by
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SUMMARY S fo ceprzl [y e A

fThe conventional approsch to weapons for‘ghé(pAs/ll/-xlsxonl has not provided NATO 2
forces with affordable, effective firepower of the order required to defeat sSA/WP~
armored thrusts. The conventional approach has led to weapons that are either too
expensive for stockpile -emdyand training purposes or too expensive to go to war. It
has also failed to provide NATO strike aircraft assigned to €ay CAS/BI wmissions with
the ability to achieve a large number of kills per pass or kills per sortie. The HVM
concept integrates current and emerging FCS technology with a low-cost, ligh ex;ht
missile to provide NATO forces with a significant firepower improvement. The U_}. Air
Force has completed a series of ground-launched flight tests that have successfully
resolved all technical issues critical to missile guidance, control and accuracy
questions. This series of successful demonstrations permits immediate continuation
into an air-launch flight test enviroanment to demonstrate the integration of the three
critical elements -- the aircraft, the FCS, and the missile.

1.0 INTRODUCTION

The Soviet Army (SA) and its Warsaw Pact (WP) allies have been provided with an awesome
array of combat and support vehicles (See Figure 1). The SA strategists and tacticians
rely on the precepts of (1) aggressive mobility through extensive use of wmechanized
infantry and associasted support equipment/vehicles, (2) use of their qusantitative
advantage to generate wmassed armored assault forces for offensive thrusts and,
(3) heavily structured plans to integrate the mobility of forces with the “punch" of
massed firepower,

The Soviet and Warsaw Pact threat is both dynamic and responsive., Traditionally, »

the tactical forces of the Soviet Union and its WP allies have been cast in a role of
overvwhelming numerical superiority over NATO forces, both in the air and on the
ground. NATO has attempted to compensate by developing techaological superiority ian
both anti-vehicular weapons and in armor protection of NATO vehicles. However, the
Soviet Union is aggressively pursuing similar technology advancements for its forces
while maintaining high production rates for tanks, support vehicles, and artillery.
The obvious intent, and unfortunate result, is to ensure continued numerical
superiority and to minimize the effects of NATO technical advancements.

The current U.S. response is production of new strike aircraft (P-16 and A-10),
improvements in the MAVERICK missile, and development of the LANTIRN fire control
system (FCS) by the Air Force; development of the new M-l Maian Battle Tank, the
advanced attack helicopter (AAH), and a nev anti-vehicular missile (HELLFIRE) for the
AAH by the Army. The two msjor deficiencies in this response are: (1) the weapons are
oriented towards improved performance against current Soviet armor and will experience
degraded performance against future Soviet armor, and (2) current U.S, wespon systems
(including the aircraft/helicopter lauanch platform) have the capability to attack s
limited number of targets due to both cost and carriage (load-out) constraints. This §
response and related deficiencies are typical of the activities within NATO.

NATO forces need a tactical weapon system cepability to defeat the SA/WP massed
armored assault forces of the post-1990 era. To meet this challeage, the weapon systems
must be effective against future armored vehicles; the weapon must permit hxgh lold-out
of aircraft so that the massive number of targets can be serviced with & minimum number
of aircraft sorties; the weapon must be low in cost so that NATO forces can afford the
number required to defeat this array of targets; and the weapon, or its variants,
should be adaptable to launch platforms of all NATO forces (ground and sir) that have a i
role in the asnti-vehicle wmission. Such & weapon system would be a true force
multiplier that could provide NATO a valid non-nuclear deterrent. The U.8. Air Porce
is now in the process of demonstrating this capability with the Hypervelocity Missile
‘(HVM) concept.

2.0, CONVENTIONAL APPROACH

2.1 Historical:

The current approach for using tactical aircraft for the Close Air Support (CAS)

War II, the Korean Conflict, the Southeast Asian involvement, and the Arab-leraeli
clashes; technology has provided continually improved eircraft gad weapons but the
basic operational approach has not undergone & major change. Through the Korean
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Conflict, tactical aircraft attacked ground vehicle targets with unguided "iron bosbe"
and machinegun/cannon fire. Historical data through that period reveals that 4,500 Kg
and 10,000 Kg of "iron bomb"” ordnance was required to kill truck and tank targets,
respectively. This level of sortie inefficiency explains the fact that modern tactical
aircraft are still equipped with canuon. It also has provided the post-Korea era
impetus to develop accurate guided weapons to hit targets end aircraft fire countrol
systems to find and direct fire on targets.

2.2 Current:

Technology today allows tactical aircraft to perform the CAS/BI missions with
modern weapon systems (aircraft/fire control system/missile) that significantly improve
sortie efficiency in comparison to the historical data. However, the massive number of
targets and limited number of aircraft resources drive one to the important question of
whether or not the improvement is adequate. Critical factors preveat the desired
ansver with current and emerging weapon systems: (1) The phyesical and operational
characteristics of modern guided weapons will not permit tactical aircraft to achieve
large numbers of kills per pass or kills per sortie, (2) the cost, physical, and
operational characteristics of modern guided veapons have a major detrimental impact on
the number of weapons available for training and war and on the demands placed on the
FCS. These demands reflect the need to ensure that the few, expensive weapons
available in a sortie are used to maximum effectiveness. These same factors asre
equally true, in an analogous manner, of weapons sytems for NATO ground forces which
share the responsibility of defeating SA/WP armored assault forces.

Production wveapons for defeat of armored assault elements are of two types. The
non-sutonomous weapons are typically cowmand-liak or semi-active guided weapons, such
as the Laser Guided Bowd (LGB). The LGB weapon group is comprised of converted “iron
bombs" that weigh 250-1000 Kg. The sutonomous guided weapons, such ss the U.S.
MAVERICK, have warheads of reduced weight to reflect the guidance accuracy of these
weapons. These weapons have extended range relative to the LGB group. Hovever, even
these lethal weapons weigh on the order of 250 Kg. Using the F-16/MAVERICK as the
nominal example, a single sortie carries 4-6 missiles and can reasonably anticipate the
destruction of 2-3 targets. This represents a dramatic improvement im sortie
efficiency compared to the WWII and Kores experience. Howvever, considering the target
array in a SA/WP armored assault thrust, production weapons require a number of
sircraft sorties to accomplish the CAS/BI wmissione that exceed practical limits
if all NATO asircraft were assigned to these missions. This problem is e direct result
of the multitude of targets to be destroyed and of the restricted number of production
weapons that an attack aircraft can carry into combat.

The operstional characteristics of production weapons pose another problem. The
semi-active guided weapons, such as the LGB, typically limit the aircraft to attack one
target per pass over the target area. This is & result of the limited velocity/range
of the veapons and of the fact that each weapon is guided by continuous designation of
the target. The autonomous guided weapons have greater range/velocity than the guided
bombs. Hovever, the timelines required to sequentially acquire/track targets by the
sircraft FCS and for esch missile seeker to lock-up on its assigned target permit a
maximum of 2-3 targets to be attacked in a given pass over the target area. Even this
number of attacks per psss can be reduced by 50% or more if there exists a requirement
to discriminate high priority targets,. The limited carriage (load-out) constraints
combined with the weapon cost factor and the typical pressure of the tacticsl situation
will usually impose this discrimination requirement. The operational characteristics
of the semi-sctive and autonomous guided veapoans prohibit an attack aircraft from
achieving a high target service rate. In point of fact, it should not be considered
too extreme to say that target service rate is on the order of the aircraft sortie
generation rate., Considering the limited number of aircraft allocated to the CAS/BI
missions asnd the limitations on aircraft sortie gemeration/turn-around, the ability of
NATO aircreft to achieve a desirable high target service rate is a serious question.

The cost of production guided wveapons is a major factor in several rvespects.
Unfortunately, the cost factor is often misinterpreted. The cost of production veapons
varies, based on complexity/capability, from a nominal $25,000 to $100,000 or more. A
superficial examination would indicate a very favorable cost-to-kill for these weapons
against high value targets such as tanks. However, the higher cost and more capable
weapons have a degraded cost effectiveness against targets other than tanks and Air
Defense Units (ADUs). The lower cost wespons, such as the LGB, would sppear cost
effective against targecs that are not high value. These absolute cost asspects are
procurement cost -- the cost to buy the weapons for training and to put on the shelf
for war. Procurement cost plays an important role in peacetime defense budgets in that
it determines the number of weapons which are to be available for training and for
war.

A more subtle and wore important cost aspect is often overlooked or uunder
emphasized. This aspect is the cost to use the wespons in war, which is why they were
developed and procured in the first instance. This cost aspect iicludes the definitive
cost of aircraft and their avionics/FC8s lost during operations to euploy these weapons
is combat. There are also costs such as fuel and operstions/maintensnce which are a
sinimal contribution to thie asepect. An additional asnd important element of this
aspect is the cost of asdequate training to establish and maintain aircrew confidence
snd competence in the uee of the weapon. While the value of training is qualitative
snd intangible, it is inherently obvious that {t is eeseatial and plays & critical rotle
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in the ultimate utility/effectiveness of the weapons during war.

The cost of lost aircraft and their avionics/FCSs is by far the dominsting factor
in the cost-to-kill equation, even to the extent of negating the impact of the
procurement cost of the weaspons carried on a given sortie. The specific quantitative
cost of killing targets is a function of acenario; the number of sorties flown against
the target array; the number and nature of the SA/WP ADUs during ingress to, egress
from, and the operational tactice used over the target srea. The qualitative nature of
this dominating cost of aircraft lost in combat is directly coupled with the number of
passes per sortie and the number of gsorties required to accomplish the CAS/BI
missions.

This dominating factor has the effect of increasing the cost-to-kill by a factor of
5-40. The lower procurement cost weapons require multiple passes per sortie and very
large numbers of sorties to kill the gquantity of targets required to successfully
conduct the CAS/BI missions. That is the reason that production non-autonomous wespons
experience the upper range of the cost-to-kill increase factor. Concentration on the
peacetime budget process has lead NATO to stockpile quentities of low procuremeat cost
weapons that will be very expensive to use during war.

The production weapons of greater Operational capabilities and greater procurement
cost experience the lower range of the cost-to-kill increase factor. This would then
appear to make the weapons that are more expensive to procure the lower cost weapons
for tactical air warfare. While this is true, on a relative scale, these veapons also
have an absolute high cost-to-kill value.

In addition, the high procurement cost creates tvo major peacetime problems that
will become manifest during war. The first problem is two-fold inm that the high
procurement cost makes it difficult to stockpile sdequate numbers of weapons for either
competency training or for war. This is reflected by the stroang concern over this
problem which is expressed by all NATO forces. The second problem is related to the
limited stockpile availability and aircraft losd-out of these weapons which makes it
imperastive that they be fired against high priority targets in the CAS/BI missions;
i.e., tanks. This places an imwediste burden on aircrev members. It also places a
major burden on the attack aircraft avionics/PCS. Both sircrew and FCSs are drivean to
discriminate high priority targets under combat conditions. The onet effects are to
reduce the attacks per pass while increasing aircraft/aircrew exposure to ADUs due to
the associated increassea in required passes and to increase the :technical complexity
and the associated development/production costs of the FCS.

2.3 Status:

The curreant weapons and the aircraft eystems to deliver the weapons are the result
of technological evolutioa. The technical capabilities represent awvareness that
targets must be hit to be efficiently destroyed. This awareness is reflected in the
guidance sccuracy of modern weapon systems. However, the current systems are either
low cost to stockpile but unacceptably expensive to use in war or low cost for war but
too expensive to stockpile. In no event do amy of the production weapons permit attack
aircraft to achieve dramatic kills per pass snd kills per sortie. This most important
facet is driven to some degree by cost but primarily by the limited number of weapons
that can be carried in a sortie. Product improvement programs of production weapons
are oriented to provide improved performaace, but they do not and can not address the
inherent problems described above.

3.0 A SOLUTION TO THE TACTICAL AIR WARFARE CAS/BI PROBLEM

Solutions to the CAS/BI mission problems must be affordable, in peace and in wvar.
The solutions must minimize the impact om the aircraft FCS and aircrev in terms of
target discrimination. The solutions wmust permit NATO forces to perform sufficient
training to gain both competency and confidence in the weapon system -- the latter only
follows the former. The solutions must maintain the guidance accuracy for the weapon
to hit/destroy its signed target. The solutions must exhibit physicel and
operationsl characteristice that sllow the attack aircraft to carry a large quantity of
weapons that will provide the aircraft with high kills per pass and kills per sortie.
True solutions will not have any single characteristic but will {utegrate all of these
critical attributes iato an effective weapon system. Current and near-term technology
will not support the embodiment of all these critical attributes in the missile alone.
However, current technology will support a well conceived approach to closely couple
aircraft avionics/ PCS8s and the missile to achieve these important goals. The U.8. Air
Porce is in the process of demonstrating such a concept -- the Hypervelocity Missile
(HVM) .

3.1 Concept of Operatioas:
The HVM concept of operation is based on the following tenets (see Pigure 2):

(a) The strike aircrafct (such as the ¥Y-16 or A-10) will approach the target
sres st an sltitude between 60 and 300 weters. The aircraft FCS hae the capability to
scquire gnd continuously track multiple targets simultaneously. This portion of the
7C8 is functionally designated as & Target Acquisition/Tracking System (TATS). The
TATS may be based on FLIR (such aa LANTIRN) or active electro-optical radar
technology. A conventionsl radar TATS would not provide the required tracking accuracy
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nor the desired covertness.

(b) The strike aircraft PCS also has an Active Electro-Optical Guidance Systea
(AEOGS). The function of the AEOGS is to use target position information obtained from
the TATS to maintain the active optical guidance rvaster on the target. The missile
uses a time-position scheme to calculate its position relative to the target (which is
centered in the raster) and guide to the target with "hit-to-kill" accuracy. The AEOGS
does not "designate" the target by use of reflected energy nor does the FCS track the
missile. The ABOGS is capable of providing multiple guidance raesters, to
simultanecusly guide wmultiple (6-10) independently-targeted missiles, at a high
sequential rate within the AEO0GS field of view (59x259). The combination of the
TATS and the AEOGS serve the function of the conventional missile seeker.

(c) The aircraft FPCS also performs two tasks that asre important to wmissile
accuracy. First, the missile time-position guidance scheme requires an accurate
synchronization of the missile clock and the FCS/AEOGS clock. This sychronization is
accomplished by the FCS immediately prior to wmissile launch. Second, the FPCS
initializes the missile with a number of launch asircraft and terget variables. This
inforsation is used to initialize the missile guidance filters snd to compute missile
guidance for that short period sfter launch prior to receiving the guidance raster.

(d) The missile is small, lightweight, low cost, and has high velocity to
target impact: 7.5-10 cm diameter, 8-23 Kg, $5000, and 1550 =a/s. These
characteristice enable a strike aircraft to achieve a high load-out (for example, 40
missiles on the F-16) of affordable, effective weapons. The high velocity, coupled
with the off-boresight capabilty and the multi-missile guidance of the AE0OGS, permits a
large number of targets to be serviced at a very rapid rate, These characteristics
also serve Lo minimige exposure of strike aircraft to the air defencees that accompany
SA/WP armored assault forces. The high load-out, low cost, and high velocity permit
the strike aircraft to attack all elements of the assault force. This negates any
requirement for the TATS to perform target claseification (tanks versus trucks, etc).
In effect, a single aircraft can essentially perform & barrage attack with highly
saccurate, lethal weapons. 1If classification were available from the TATS, there would
be some enhancement of mission effectiveness since the ADUs could be removed quickly
and the strike aircraft could attack the remaining assault force elements with
impunity. The combined effect of these tenets is to provide CAS/BI aircraft with an
order of magnitude increase in affordable firepower.

(e) The HVM capsbility has potential for app lication to the role of ground
forces in this mission area. NATO AAHs must not only destroy SA/WP armored assault
forces, but they are increasingly concerned with defeating Soviet sttack helicopters.
The ground forces may also use zround vehicles for this dual role. The U.S. Army has
expressed interest in the HVM a3 a means of meeting these requirements from both launch
platforas.

3.2 The PCS/ARBOGS Guidance Function:

The missile has no seeker, in the conventional sense, yet the missile is capable of
"hit-to-kill" accuracy. The FCS/AEOGS plays a critical role in achieving this
accuracy. The AE0GS uses target position information provided by the TATS to center
the guidance raster on the target. The missile guidance scheme drives the missile to
the time center, which is also the geometric center, of this guidance raster at target
impact. Therefore, the accuracy of the positioning of the raster on the target drives
the accuracy of the missile.

The AEOGS generates the raster by "painting” raster lines in a sequential manner.
The AEOGS requires a fixed elapsed time to generate this 1°x1° raster. After
completion of a raster, the AEOGS goes
generation time. The AEOGS uses both electronic and wechanical devices to reposition
the raster during the "silent" period. Multiple wmissile simultaneous guidaace is
accomplished by positioning this raster on each target sequentially. This process puts
the entire missile guidance problem in the time domain rather then the spatial domain.
As the TATS establishes track files on each target in the array to be attacked, the FCS8
logic establishes a reference time slot. The AEBOGS is directed to position a raster on
each target, with each raster scan to be initiated at a determined point in time
relative to the reference tiwme. After gll targets in the attack array have been
serviced by a raster, the AEOGS repeats the sequential process until a total elapsed
time (1-3 seconds) equivalent to impact on the maximum range target has been reached.
The FC8 logic can then repeat the entire process for a new attack array. The FCS doas
not explicitly asssign a missile to & target; instead the FCS assigns each missile a
time corresponding to the start of a raster scan. It is necessary for the missile to
have a clock and the missile clock must be synchronized with the ABOGS clock. This
syachronization and the wmissile time slot assignment is done as part of the FCS
initislization of the missile.

The AEOGS generates two separate rasters, each from a separate active source.
Neither raster is epatially modulated (coded). The fuaction of the Course Guidance
Raster (CGR) is to provide data to the HVM during missile flight from a point
ismediately after launch to a time position in the CGR such that the HVM cen receive
data from the Fine Guidance Raster (FGR). The CGR has a fixed field~of-regard (FPOR) of
60x250, The CGR is not agile but is slaved to the TATS POR.

silent"” for a time equivalent to the raster -
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The function of the CGR is simply to insure the BVM is rapidly positioned such that
the missile can receive tha PGR. The CGR is generated by a separate source in the
AE0GS. The CGR has a fixed POR that is only effective over & limited range (spproxi-
mately 3500 feet from aircrafe). As part of the wiesile initislization and clock
syachronization, the missile is provided & definition of its assigned tiwe slot in the
CGR which corresponds to the spatisl position on which the FGR will be centered. The
missile uses the time-of-arrival technique to determine its position ian the CGR
relative to its assigned time slot and hence to determine the missile control commands
required to maneuver iteelf toward the proper time slot in the CGR. Once positioned in
the asssigned time slot in the CGR, it maintaine this relative time positionm until it
receives energy from the FGR. In essence, the missile treats the assigned CGR time
slot as a "target" until it receives the FGR. The missile has & "time gate" in which
it is to expect its sesigned FGR to appear. Once under coantrol of the VG&, the missile
“time gates" out any future CGR input. These "time gates" provide the misaile the
basic mechanism to discriminate CGR energy from PGR energy. A similar mechanism is
used by the missile to discriminate its assigned PGR energy from energy due to the PGR
of other missiles in flight simultaneously.

The function of the PGR is to provide time-position dats to the HVM to insure
target intercept. The PGR has a FOR of 1°x1° thet is centered on the target. The
FGR is generated by the AEOGS which provides FGR agility by the use of mechanical
scanners which can position this FGR within a total FOR of 59x25°. The details of
how missile guidance and control ir derived from the PCR are included in paragraph
3.4,

The PCS system provides a number of aircraft and target variables to the missile as
part of the initializatioa procedur.. These variables include wind and velocity
components, aircraft state data, target state data, and aircrsft/target relative
geometry and range. These varisbles are used by the missile to initialize the guidance
filters and for initial guidance calculations prior to the missile receiving the
guidance raster shortly after lsunch. A more detailed diascussion of missile initiali-
zation is included in paragraph 3.4,

3.3 The Simple Missile:

The HVM has generic subsystems similar to traditional missiles except it does not
have a seeker, per se, nor does it have a fuge or explosive warhead. 1In another sense,
it is lacking those subsystems that nominally account for 75-85% of the cost and
reliability probliems of traditional miseiles. PFurther, the absense of these subsyastems
and the sssociated weight, volume, and form factor sallow the HVM to be small and light-
weight. These aspects provide the critical coantribution that the WM offers to
tactical strike aircraft -- high load-out of affordable, effective veaspons.

The HVM is aerodynamically stabilized by a split-petal flare at the base of the
missile. The missile is controlled by the Attitude Control System (ACS) which is
mounted in the forward portion of the missile. The ACS has two plenum chasbers, esch
with a noszzle. Each chamber is pressurized by the discrete firing of a high impulse,
short duration squib. The missile spins at & nominal rate to comsmutate the ACS. A
roll reference sensor provides reference roll position and permits the missile to
calculate roll vate and, thus, when a squib should be fired to achieve the desired
course correction. The primsry wechanisw for achieving a major missile sttitude change
is the contribution from motor thrust rather than ACS thrust. The motor has a
boost/sustain thrust rstio of approximately 10:1. Therefore, wissile attitude change
response during boost is approxiwately ten times the response during sustain or coast.

Initialization =-- It is desirsable to initislize the HVM prior to launch (see Pig-
ure 3) with aircraft dats (velocity, altitude, roll ettitude, and angle-of-attack),
environmental data (windspeed vector, air tempersture, and density), terget data
(range, szimuth, and elevation relative to the launch aircraft), and AEOGS data (clock
calibration -- to establish the time refereace, CCR time slot relative to the reference
time for the assigned target, and time for start of the assigned FGR scan relative to
the reference time)., The HVM uses this data to compute time-to-go, launch jump, filter
states, and predicted sircraft/target geometry at intercept. This data is also used to
initiste the miesile clock synchroanizetion, batteries, the receiver cryogenic cooler,
roll reference sensor, and rocket motor. If initialization dats is not provided, the
miseile will have pre-loaded nominal values for initialisation. Accuracy is degraded
as a function of which data are not provided and of hovw far the pre-loaded nominal
values are from actual values. In the worst case (no initialization data), accuracy
can be recovered by restricting the launch airvrcraft to a dedicated attack on the target
(the asircraft stays pointed at the target until intercept) as opposed to the
simultaneous sttack of wmultiple targets. Detailed sensitivity ead trade studies
related to initialisation and prelosded nominals will be the subject of future
efforts.

3.4 HVM Guidance & Control Concept:

The beamrider concept, with various implementations, has been the historical method
of tactical missile guidance using electro-opticel (EO) guidance linke. The concept
has been oriented to lsunch from etationary points on the ground or from relatively
slowv airborne platforms (halicopters). The basic concept, regardless of
i-plcnodiution, is for the missile to wmaintain itself in the center of the R0 beam,
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which is centered on the target, throughout the misasile trajectory. The AEOGCS CGR and

FGR are analogous to this EO beam. In these traditional applications, the line-of-
sight (LOS) between the guidance source and the target is either constant or changes at
a very slow rate. Por attack aircraft applications, the aircraft/target LOS is

changing at a rvelatively high rate. This factor is a driving influeace on the HVM
guidence concept which is & significant varistion from the beam-rider approach.

Based on initialization data/cslculations, the missile computes the expected
aircraft and target position at ctarget intercept (position 3 ow Pigure &) and
establishes an orthogonal spatial reference system based on the predicted LOS in that
intercept geometry (the x snd z coordinates are shown on Figure 4). Synchronization of
the AEOGS/wmissile clocks at lauach allows the missile to establish a reference time for
the start of each FGR scsn and the FGR scan time is a fixed value. The time-of-
arrival, relative to the reference time, of active optical eoergy on the missile
receiver allows the misesile to calculate its position relative to the center of the
raster (sae figure S). Additional on-board cslculations permit estimstes of the real-
time velocity and displscement components relative to the reference coordinate systeam.
Figure 6 indicates the geometry/calculations for the z-axis and elevation (the y-axis,
azimuth geometry/calculations are similar). The wmissile now has the information
necessary to implement the guidance coancept.

The guidance concept is designed to avoid missile reaction to the high aircrafe/
target LOS rate during missile flight to target intercept and to wmake optimum use of
the ACS control authority. The goal of the guidance logic is to shape the missile
trejectory such that msjor wmissile heading changes occur early ia flight (during boost)
and such chat the missile trajectory assymptotically aproaches the predicted LOS at
target intercept. Therefore, two sequential guidance laws are used during flight with
transition based on the defined time for boost-to-sustain motor transition.

Boost phase guidance is an acceleration command pursuit guidance mode with the
objective being to orient the wmissile velocity vector to the predicted LOS to the
terget at intercept. Thie permits the ACS to provide mazximum missile turning during
thst period of time that the ACS is most effective for thet purpose (see Figure 7).

The sustain phase guidance is sn acceleration command proportional guidance mode.
This phase will complete any r ining heading change required and then maintain the
missile on the required intercept line. This is accomplished as the guidance law
drives the displacement and velocity components, relative to the reference coordimate
system, to fero prior to intercept. The reduced ACS control authority during sustain
and coast reducee the poseibility of wmissile over-correction as the missile epproaches
target intercept. The guidance laws used in both phsses are incorporated in the
typicsal logic implementstion shown in Figure 8.

The key points are: The missile trajectory is shaped to approach the predicted
aircraft/cerget LOS at intercept; the CCR/FGR are used during the boost phase of flight
to shape the missile trajectory; the PCR is used in the latter portion o€ flight to
ineure target intercept by nulling the cross~-course velocity and displacement
components. It should be noted that as time to intercept approaches zero, the actual
aircraft/csrget LOS approaches the predicted LOS. As this occure the HVM guidance
concept approsches, in & gross sense,the coaventional besmrider as the wnissile is
driven to the center of the PCR which is centered on the sircraft/target LOS. However,
there is a t significant difference. A typical beamrider missile requires the EO
besm to be maintained coatinuously on the target umtil intercept. The UVM guidance
concept uses the guidance raster to update the guidance filters. The wmissile
actually flies on theee filters and the absence of updates has a graceful degradation
eftect oa the accuracy of these filters rather tham a ca trophic effect. The
robustness of this epprosch has been demonstrated in ground-launched flight teste where
the wmissile has maintsined guidance accuracy while not receiving & portion of the
updates provided during flight.




R :
Y T GV RIECARE .0y
: A

i,
~

'
|

ELEMENTS OF ADVANCED ARMOR ASSAULT FORCE

fIGURE 1.

-
!
[}
{




SINIWITI NYYDOY¥d
NOILYNAISNOWIQ ADOTONHIIL WAH

DNISN3S 10U »

NOLLVINDIVD

SNOLLONGOS WILSAS NudYdr T  3HiDId

SNOILYINDIYD iYL

o [
<

NOLLVZITVILING HONNYY TUSSIN ©

ANIWIOYNVIN 3T 130MYV)

TOMANOD ONV DNIGOW Q04
A4VHOUIV 0L

JOVIYILNI XNW CISL QLS UW *

> y.

$I08INOD

AINVAIND o

10UINOD <4

> VOSSIV0Ne AA|V

Wi1SAS
NOJVIM

— i g N

ININIDVYNVH
ADOTOSWAS/OIAIA «
ONIDIDVVL L1104V »

NOILINDODIN
130HV1 JUVWOLNY »

HOSSIO0Nd 1 g

<

STYNDIS
JONVAIND SISNIS

JUSSIN

> o3 ¢

-

» IINVYOIND ISUVOD o
JONVAIND 31°Hd «

ONIONVY
IINVEVYI) NIVHEIL »
HIVHL 1IDHVI-LINW »
ALIDOWIA
/31ONV/IONVY 13DUVL «

YOSNIS D1 ONV e

NI «
NOILISOM «
IoNLUY -
ALDOTIA »

WILSAS
NOILVOIAYN

QNN YOI AVIDVINE AQIM o

$id ADIM

AHOSIAQY D% o
ADOVORWAS ONY
AUIDVYINI VIS AOAM »

([ANH) AVWSIO
dn

~AVIH,

—$Y NIVUL/NOILISINODY
/HOWVIS 130UVl
e pu—
a0d
TOB1INOD N

A A J

AdveduivY




:

1394Vl

-
~<V/

13 JONVY

IIVIUIINT WILSAS NOAVIM £ ¥N9ls

JUSSIN
NOILYZITVILINI m.__..,.m.,__zQ /l._l/\l/lo
GNVIVWOD NOILVILINI HOLOW 13X00Y

UNVWINOD NOILVILINI DINIDOAYD

ONINIL XD01D DNAS

ONYWWOD NOILVILINI AH3LLVE *

S3LVLS HIL NI ILNIWOD

°p ONv ®g 31LNdWOD

dWNI HONNY 3LNdWOD

¥ s o
IYNLYYIdWI

NOILVAZTI 13DBVL * :
ALISNIG IV

HLAWIZY 139HVL [ESIIORA-A S A2 2
JONVH L3OHVL * NDOVLLY 30 3TONV  »

\ T 14VHOHIV _

vd
%201 *

/

CEL el ]
IYNYILXI

09D-01-3WIL 31NIWOD *
= !
Iy

3004111V 108 -
ALIDOT3A

-~
4

T N Ty
o

PE—



2-i0

HIV0¥ddY 3INVAIN9

X jdedsaiu)

‘v 3¥N9L4

youne
a|IsSIN

ey




|

2-11

TWNIIS 3ONVQING S 3uN9ld

AO4 ¥3iSVY

] 1

o HinWIZV “ !

| o

i

1

L HOIS3HO winwizy | |1

1HOIS3¥00 R
1 aoqsuy Uy
130UVl < H R

i
f “ ) ATISSTH

* | \L\\A\\\

NOILVAII3 11 -mu* rp—t— NVYIS
! | Isnonsitnod

/ 0 NOILVA3I3 !

)
g NVOS 40 1HVLS LV Wy3@
—_— A v e e e AU e e e
T NOILd353Y TWNDIS ON——T T T |2 "N G133 TYNDIS ON——rf " ______=__:_
IONAS
lllﬂg:._:._ ~ j ~
%3012
NVOS 40 ON3 NVOS
NVOS 40 14VLS 40 1yv1s— FONIY3I43Y

-

e el -




2-12

WALSAS JLYNIGYOOD JINVGING 40 IINYIIJINGIS 9 3unol4

SIXv-x

Yy} 30n11LV

L ._..,_<cum_<
=]

)
. 3
———————— N

t

-

-

[ SO SR



2-13

ONIYI4 3INVAIND ¥3d IDYVHD ONIGV3H

(spuodes) awil

1 X4 0z St
I » 4 T L
1
ureysng

\soog

, (qinbg/saaibap)
20 gbueyn bupean

£0

v'o

A O AT =t = o

- ——

e el



2-14

21907 J0YLNOD ONY JONVGING "8 F¥N9id

WIALSAS TOYLNOD 3ANLILLY N
Ll.mmmzo..mmx OINVNAQ 4001 H31NO..

||1u ONVIWWOD T0HINOD |

Wv3a 30INO NI
ZO....(Z_!D.JJ_ Hasvl

3

TYNOIS

4007 UINNL.

)

318YN3
43AI323Y ™)

ISNOdS3YH

Houu3

3A1L103td U

A _ w3l
ONVNWOD ﬁ

M 3IONVAIND NOISHIANOD ¥0SS300ud
aaniiLLvy 3ONVaIND 319NV qYNOIS
P L “ /
N 1_ m % %2072
7,
O
,vo
AHOLO3CVHL ¢ v\«
NOISINdOMd 4, ONAS
434 SOINVNAQONIY o _
104 S$311H3IdOUd SSYN o A JOVASILNI v
Viva 03801s TOULNOD 3uId

R S




CenN ¢ ———pn———— =

D PO02275

F-16 PENGUIN ANTI~SHIP MISSILE INTEGRATION
by

E Brodersen
Norwegian Defence Research Establishment
P O Box 25, N-2007 Kjeller
Norway

SUMMARY

~— -~y The Norwegian Penguin Mx3 anti-ship missile is currently being integrated for opera-

tion on the F-16 aircraft. Due to the inherent flexibility of both the aircraft and the
missile system, no hardware changes are required on the aircraft. Software changes are
designed such that the pilot can operate the weapon to its full performance by using
existing cockpit controls and displays in a way quite similar to other air-to—ground
missions. <

1 INTRODUCTION

The Royal Norwegian Air Force has established the requirement for the Penguin Mk2
anti-ship missile for carriage on the F-16 aircraft. Kongsberg Vipenfabrikk is contracted
for the missile development. The Norwegian Defence Research Establishment has been
respongible for the development of the target seeker and the inertial navigation system.
General Dynamics is contracted (via USAF) for the aircraft/missile integration and cer-
tification. Prototype test firings from a Norwegian F~16 are scheduled during 1984.

This paper outlines the main features of the Penguin weapon system as integrated into

the avionics and fire control system of the FP-16 aircraft. Figure 1 shows an F-16
aircraft equipped with Penguin during captive tests.

2 THE PENGUIN Mk3 AIR LAUNCHED MISSILE

This chapter describes the main characteristics of the Penguin Mk3 air launched
missile. This is necessary as a background for understanding the integration require-
ments and mechanization.

2.1 Outline Description

Penguin Mk3 is a major redesign of the ship-to-ship Mk2 version, now operational with
the Norwegian navy among others. Obvious differences between the Mk3 and the Mk2 are
that the Mk3 is longer, has wings of reduced span and has a greater range. The general
layout though, is similar.

Figure 2 illustrates the exterior and interior of the missile. The target seeker is
based on infrared detection. The canard fins are actuated by a cold gas powered
hydraulic motor. The altimeter is a radar altimeter. The control unit is all digital
and contains the autopilot, trajectory generation, missile internal information bus
control and other functions. The inertial navigation platform is a semi strap-down plat-
form (roll axis is gimbaled) using two-axes Ary tuned gyros. The platform provides
3-dimensional navigation and angular information. The warhead is a modified Bullpup type
with a delayed-action impact fuze. Penguin Mk3 will have a new single-chamber sustainer
rocket motor using a composite grain. The airframe is roll stabilized by electrically
powered ailerons.

2.2 Main Specifications

These are the Penguin Mk3 main specifications:

Length 3.20m
wingspan 1.00 m

Body diameter 0.20 m
Weight 350 kg

Weight incl launcher 400 kg
wWarhead weight 120 xg

Range 5-40 + km at sea level
Speed high subsonic
Turn angle after waypoint 0-90°+
Launch altitude 150-30 000 ft
Launch speed Mach 0.7-0.95
Off-boresign angle at launch 0-50%+
Captive flight altitude up to 40 000 ft
Captive flight speed up to Mach 1.2
Alrcraft saneuver limit 8 g




2.3 Modes of Operation

The basic requirement for the Penguin Mk3 weapon system is to provide the Norwegian
F-16s with stand-off “fire-and-forget“ anti-ship capability. The pilot must be able to
effectively attack targets in open waters, coastal waters and in fjord areas while flving
over land or sea. All existing P-16 targeting and fire control avionics must be at the
pilot's discretion for effective missile delivery. Fulfilling these requirements and
still maintaining simple system operation has beer one of the greatest challenges during
the weapon operation mechanization effort. A number of experienced fighter pilots have
made the most important contributions to the current mechanization solution.

The pilot operation of the Penguin weapon system is best understood by describing the
main weapon delivery modes which are (in parenthesis are the display mnemonics as viewed
on the Stores Control Display):

- RADAR MODE (RDR). This mode is optimized for targeting by means of the fire control
radar. The mode also include the capability of delivery against preprogrammed target
coordinates.

- HEAD UP DISPLAY MODE (HUD). This mode is optimized for targeting by means of the Head
Up Display optical sight. The mode has two options, namely HUD TURN (HLT or HRT, left
or right turn respectively) and HUD DIRECT (HUDD). The HLT or HRT option include the
possibility of establishing a turnpoint or waypoint by pointing with the aircraft. The
missile will turn to the left or to the right respectively at this waypoint. In adai-
tion this option gives the pilot the possibility of preprogramming a descent point
where the missile levels out to low level flight. The HUDD vption provides no such
possibilities, it is essentially an "aim-and-shoot" option. However, a triangulation
target ranging procedure will be at the pilot's discretion when using the HUDD option.

- MANUAL MODE (MAN). This mode is a back up mode in case some failure occurs in the
aircraft's fire control, inertial navigaticn or avionics bus communication system. In
this mode the pilot can fire the missile at degraded performance while aiming with the
aircraft bore-sight axis and keeping the aircraft straight and level.

Figure 3 presents an example of attack sequence using the RDR mode. The pilot lets
the radar paint the expected target area. Then he freezes the radar picture on the radar
display, breaks away and seeks terrain protection while he processes the display. He
slews the target and waypoint cursors to desired positions and fires the missile {(or
missiles). In this example the missile then separates and turns to the direction of the
waypoint while keeping the launch altitude. Thus the missile keeps clear of the terrain
before descending, turning and leveling out at the waypoint coordinates. Then it pro-
ceeds toward the target area where the seeker selects a target.

Figure 4 presents an example of attack sequence using the HUD mode, HLT option. The
pilot aims at the target by placing the HUD target designator (TD) box on the target. He
then makes a designation command by which the designated line-of-sight (DLOS) is stored
by the Fire Control Computer (FCC). The pilot wants to attack the target from the rear
side and holds his fire. He breaks away and seeks terrain protection while he maneuvers
his aircraft to the desired launch position. Here he points the aircraft to establish
the waypoint, which is computed as the sea level projection of the intersection between
the aircraft axis and the vertical plane through the DLOS. The missile is fired and
follows a trajectory similar to the one in Figure 3.

Figure 5 presents another example using the HUD mode, namely the HUDD option and
targeting by visual triangulation. The pilot aims and designates (First Designation) as
in Figure 4. A descent point (here called waypoint) is automatically computed on the
designated line-of-sight (DLOS 1). In this low altitude attack the HUD target ranging
computation may be extremely inaccurate and the corresponding location of the waypoint
may be highly undesirable. As in the example the waypoint may fall on land forcing thre
missile to descend into the rocks. In order to get a better visual ranging to the
target, the pilot flies his aircraft to the side, makes a second designation as shown
thus establishing a second line-of-sight (DLOS 2). The DLOS 1 and DLOS 2 intersection
coordinates are computed by triangulation algorithms in the FCC program giving a quite
accurate target ranging. Then the waypoint (or descent point) is computed correctly close
to the target. After separation the missile keeps the launch altitude until the waypoint
is reached.

3 F-16/PENGUIN INTEGRATION

From a physical fit and operating envelope standpoint the air-launch Penguin is
designed to be compatible with a wide variety of aircraft. A specially designed adapter
containing prelaunch missile electronics and ejector release unit assures compatibility
with existing launch racks. During missile release or emergency jettison the adapter is
always retained on the pylon. Figure 6 is a photo showing the carriage installation, and
the adapter is clearly visible.

The P-16 is currently being certified for Penguin missile carriage on weapon
station 3 and 7. However, it will be an easy task to extend to a 4 missile carriage con-
figuration (station 3, 4, 6 and 7), if that is desired.

T i e I ittt e e T




&

oy

3-3

3.1 Electrical Interface

The missile adapter acts not only as a mechanical interface between the missile and
the aircraft, it also contains all the necessary electronics for interfacing to the
avionics and store control system of the aircraft. The main electronic functions con-
tained in the adapter are:

- Missile DC power supplies fed from the aircraft 3 phase 110 VAC
line

~ Aircraft avionics digital bus remote terminal interface electronics
- Discrete signal termination and processing electronics
- Missile data bus terminal interface

- Digital processor for processing of targeting, waypoint, launch
sequencing, missile status/test and other data

- Digital processor for implementation of the missile inertial plat-
form transfer alignment filter

Figure 7 depicts the electrical interconnection between the aircraft and the missile.
No special wiring is required in the F-16 for the Penguin missile integration. Discrete
signals (power, arming, release etc) are connected to the standard Remote Interface Unit
(RIU) in the pylon and the missile will receive mode, target and alignment information
via the MIL-STD-1553 Protocol Avionics Multiplex Bus.

The only change required to the P-16 for accommodating the Penguin missile is soft-
ware change. The operational flight programs in both the Pire Control Computer (FCC) and
the Central Interface Unit (CIU) of the Stores Management System (SMS) have been
increased by some 8% each to include the Penguin tasks.

However, these tasks have been partitioned in such a way that the avionic subsystems
are not required to accomplish functions or provide interface outside their normal
duties. The SMS provides the same weapon control, arming and release functions that it
normally provides. The FCC will compute targeting data for the missile while com—
municating with the Head Up Display (HUD), the Radar/Electro-Optical Display (R/EO) and
the Fire Control and Navigation Panel (FCNP). The FCC will also pass the Inertial Navi-
gation System (INS) velocity and angular data to the missile for transfer alignment of
the missile inertial platform.

Figure 8 lists the interface wiring between the aircraft and missile. All targeting
data are transmitted via the double redundant avionics mux bus twisted wire pairs.
However, the discrete wire noted MANUAL MODE enables the pilot to command the missile
system into a back-up, degraded performance mode without communicating via the mux bus.

Figure 9 lists the data messages flowing on the MIL-STD-1553 serial digital avionics
mux bus between the aircraft and the missile system. Note that the missile system
(adapter digital processor) computes all waypoint coordinates in all HUD mode options,
based upon the targeting data coming from the aircraft FCC. In the RDR mode, however,
all waypoint computation is done by the FCC, thus the data noted MISSILE COMPUTED
WAYPOINT are invalid in RDR mode.

3.2 Missile Inertial Navigation System (INS) Alignment

The Penguin weapon operational concept requires a precise missile guidance and navi-
gation system to assure good target selection capability and a high hit probability even
in confined coastal waters. The heart of this system is the missile inertial navigation
platform. To provide the required navigation accuracy this platform must be aligned with
errors down in the milliradian range, velocity initialization must be better than 1 meter
per second. Also excessive bias and scale factor errors of the gyros and accelerometers
must be measured and corrected for. The only way to fulfill the above requirements on a
fighter aircraft is to perform a transfer alignment with the aircraft INS as the refe-
rence. This means to compare the data from the aircraft INS and the data from the
missile INS and then filter out the miasile INS errors based on differences in data. The
most convenient data to compare in this respect are velocity and angular data and this is
done in the Penguin alignment filter. The alignment filter is implemented on a 16 bits
microprocessor in the missile adapter as an 18 state Kalman filter using 3 velocity and 1
angular measurement (azimuth) as input. Figure 10 shows a block schematic of the alion-
ment filter structure. The RELATIVE MOTION COMPENSATION block in the figure compensates
for missile offset relative to the aircraft INS location when aircraft rotation occurs.

Figure 11 shows a typical filter resp d as the standard deviation
(milliradians) of the angular error estimates u a function of time (seconds). The pitch
(PI) and roll (RO) deviations are quickly reduced from initial values of 8 mrad to
approximately 1 mrad. However, the azimuth (AZ) deviation is significantly reduced only
when the aircraft performs a horizontal maneuver (3 g) which occurs after 60 seconds in
the example shown.
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3.3 Cockpit Operations

The inherent flexibility of the existing F-16 cockpit controls and displays shown in
Figure 12 makes it possible to add the Penguin missile without cockpit modifications.

3.3.1 Stores Control Panel (SCP) Operations

Selection of air-to-ground (A~G) on the SCP will automatically call up a Penguin
attack program, which may be preprogrammed to fit the mission scenario. If no prepro-
gramming has occured, the standard attack program shown in Figure 13 will be displayed.
The pilot can modify the attack program by pressing the switches adjacent to the
displayed mnemonics. The options available are listed in Figure 13.

The attack program display shown advises the pilot to go to the status page (STAT)
because some failure has occurred. Figure 14 shows an example of the status page
display. The example depicts a four missile carriage configuration and a somewhat unfor-
tunate situation. Station 7 is the cued station showing a degraded missile. Station 3
has a hung store. Missile on station 6 is still aligning (W) while the missile on sta-
tion 4 is aligned and ready.

3.3.2 Fire Control and Navigation Panel (FCNP) Operations

The FCNP enables the pilot to key into the FCC memory up to 3 different set of
targeting data consisting of target coordinates, waypoint coordinates, target estimated
course and speed and the time-of-day when these data were valid. The target coordinates
will be automatically updated based on the estimated course and speed and the time-of-
day. The updated target coordinates are continously displayed as cursor position on the
radar (R/EO) display and on the Head Up Display (HUD). The pilot may any time correct
the displayed cursor positions by slewing the cursors.

A spotter function is included in the FCC software for Penguin delivery. The spotter
function enables the pilot to store into the Penguin targeting memory locations the coor-
dinates of the display cursors. He does this by just hitting a switch button on the
FCNP. The spotter function is not only designed for Penguin anti-ship delivery missicns,
but also for reconnaissance missions.

3.3.3 Radar (R/EO) and Head Up Display (HUD) Operations

The operation and symbology on the R/EO and HUD are very similar to normal F-16 air-
to~-ground display operations. The normal x-y cursor is used as target cursor on the
R/EO, and an additional cross-hair symbol is generated for the waypoint. On the HUD the
normal air-to-ground Target Designator symbol is used for the target and the offset aim-
point Diamond symbol is used for the waypoint. In addition the FCC computes continuously
the range to the target in percent of the missile's maximum range capability and puts
this 3 digit number up on both displays. The pilot may fire when this number counts down
below 100.

3.3.4 Hands-On Operations

Normally all attack program options are selected long before the aircraft approaches
the weapon launching position. The remaining operations required are hands-on opera-

tions, that is the necessary controls are located on the throttle grip and the side ctick_

controller. Existing switches and controls are utilirzed to provide the following
functions:

Target and waypoint cursor slew

Left/Righ missile turn selection in HUD mode
Weapon station selection

Attack/Status SCP display selection

Target designation

S8ighting reinitialization

Launch command

4 CONCLUSIONS

lLessons learned

+ No hardware ch sary vhen integrating Penguin Mk3 on F-16. This is
thought to be chanetoricuc for advanced weapon systems and advanced aircrafts.

° It took about 2 years to develop the Penguin weapon and fire control software for the
F-16 avonics to a reasonable mature state. It is an iterative process involving many
people. Our experienced fighter pilots have made the wost significant contributions as
to cockpit operation definitions and software check-out.

* The Penguin integration required 2500 words of software program in the PCC and
3000 bytes in the CIU. This is probably a typical software volume for integrating an
advanced weapon on a fighter aircraft.




e e - e ———— -

-————

Integration program status

- Integration software development completed February 1983.

- Integration certification flight tests completed spring 1983 at Edwards AFB and Eglin

AFB, USA.

Figure 1
F-16 with Penguin Mk3

Figure 3
Illustration of a Radar delivery mode

WERTIAL NAVIEATION PLATFONM

S i
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Figure 2
Outline drawing of the Penguin Mk3 missile

Figure 4
Illustration of a HUD left turn delivery

sequence

Figure $

Illustration of a HUD direct delive mode
sequence showing the trInnggIotIon ggoczanro

mode sequence

Pcng%in Mk3 and suspension adapter mounted
on_the weapon pylon
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Fiqure 7
F-16 avionics/Penguin interface schematic

F-16 AVIONICS/PENGUIN INTERFACE
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Figure 9
F-16/Penguin serial bus interface data
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Figure 12 Cockpit controls and displays utilized for

Penquin operation

Figure 13

The_attack display on the Stores Control
Panel for Penguin weapon control
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Figure 14
The status display on the Stores Control

Panel for Penquin weapon control
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INTEGRATION OF FIRE CONTROL, NAVIGATION SYSTEM AND HEAD-UP DISPLAY

G M Barling,

Principal Systems Engineer,
Marconi Avionics Limited,
Airborne Display Division,
Rochester, Kent, England

SUMMARY

4 yThe inclusion of sophisticated Navigation function in a Head-Up Display/Weapon Aiming
Computer (HUD/WAC) is described together with integration of the resultant subsystem into
an overall Navigation/Attack system. 47

At the end of the paper, a growing trend in airborne systems computing is highlighted.

1. INTRODUCTION

The published theme of the symposium states that advances in systems concepts allied to
new technology have led to the possibility of integrating a variety of systems that have
traditionally been separate.

The word "integration® is, of course, capable of interpretation in two ways. Pirstly,
two or more subsystems can be said to be integrated if they interface with each other and
this is what is meant when integration of, for example, fire control and flight control
is discussed. The second interpretation of integration means that functions which have
historically been located in separate subsystems are located in one subsystem.

This paper concerns itself with the second interpretation of integration and the subject
is dealt with by describing the equipment that Marconi Avionics (MAv) supplied recently
to form one subsystem of an overall Nav/Attack system.

The subsystem itself is a development of a HUD/WAC which was, and still is, in production
at the time of the start of the development program.

Being a development of a HUD/WAC, the new subsystem naturally came to be called a Head-Up
Display/Weapon Aiming Computer/Mavigation System (HUD/WAC/NAV).

As readers will know, the concept of the HUD/WAC which carries out both Weapon Aiming
Computation and HUD Symbol Generation is not new. Such systems have been available for
some years now and have been reported upon widely. For this reason, this paper
concentrates mainly on the Navigation aspects of the system.

2. CONCEPT OF THE HUD/WAC/NAV

The concept of the HUD/WAC/NAV arose a few years ago. At that time, MAv were proposing a
HUD/WAC to an overseas customer who, in the middle of pre-contract negotiations, asked us
to propose also a Navigation Computer to meet the relatively sophisticated requirements
of a specification which he had prepared.

Detailed study of the customer specification led us to believe that there was no need to
provide a separate Navigation Computer, but that the requirements could be met by
inclusion of the Navigation functions in the HUD/WAC. This prop 1 was accepted and the
HUD/WAC/NAV was born.

{Por convenience the HUD/WAC/NAV will sometimes be referred to in the rest of this paper
as the HUD).

3. THE_OVERALL NAV/ATTACK SYSTEM
A simplified block diagram of the overall Nav/Attack system is shown in Pigure 1.

The main subsystems of the system are as follows:

Radar ~ This subsystem operates in both the Air to Air and Air to
Ground roles.

Radio Altimeter - Functionally self-evident.

Inertial Sensing Unit (1I8U)

- This subsystem provides outputs of aircraft attitudes and 3
axis speeds. In the prime mode, horizontal speeds are
derived from Doppler/Inertial mixing, vertical speed from
Barometric/Inertial mixing.

Doppler - This subsystem provides outputs of 3 axis speeds.

Air Data Computer - “This subsystem, besides seneing and computing of Air data
parameters, also outputs angle of attack warning data. This
data has two forms - one for display on the HUD Pilot Display
Unit, the second is an aural output to the aircraft audio
system transmitted via the HUD Navigation Control Unit.
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RUD - This consists of 5 units. These are the Pilot Display Unit
(PDU), Electronics Unit (EU), Navigation Control Unit (NCU),
NCU Power Supply Unit (NCUPSU) and Pilot Control Unit (PCU).

In Figure 1, the NCU is shown for convenience ag a separate unit. In fact, the NCU is
mounted on the rear face of the PDU as is shown in Pigures 2 and 3. ‘The rear face of the
PDU also contains other HUD controls. The NCU and other controls installed on the rear
face of the PDU provide a true "Up Pront" system controller.

Past selection of Air to Air Mode is provided by 2 pushbuttons on the throttle. Pushing
one or both (3 combinations) causes Air to Air mode to be selected with manual
(stadiametric) range set to one of three values. At the same time, the radar begins to
search and, after lock-on, radar range is used by the HUD replacing the selected value of
manual range.

From the stick, the HUD receives inputa of Pickle and Trigger.

The prime interface in the system is a digital data Bus conforming to ARINC 429M, the M
being short for "modified". The principal modification to the ARINC standard was to make
the Bus bi-directional with "handshake" discretes (Data Transfer Request, Data Transfer
Accept) introduced.

Within the system, all weapon aiming and navigation computing is carried out in the HUD
EU with the exception of a back-up computation of present position which is carried out
by the 1sU.

4. HUD COMPOSITION

As stated previously, the HUD consists of 5 units: PDU (with NCU attached), EU, NCUPSU
and PCU. These, with the exception of the PCU, are illustrated in Figure 2.

Entry and display of Navigation data is achieved using the NCU. This ie described in
more detail later.

The PU contains the ARINC 429M Bus Controller.

The NCUPSU contains the power supply for the NCU plus a standby Bus Controller which

takes over automatically when the HUD is switched off. This enables ISU computed present o '
position to be displayed on the NCU following a HUD failure. The NCUPSU also supplies
power using the aircraft battery to enable long term data storage within the EU when the
EU power is disconnected. Figure 3 shows a close-up view of the PDU/NCU combination. As
can be seen from the figure, the rear face of the PDU, upon which are installed the NCU
and other HUD controls at the top, also has a gpace on the top right for installation of
the display recorder camera. ' }
The controls located on the top of the PDU rear face consist of the following: i
~ RAD ALT/BARO/TARGET three position switch.
This selects the type of attitude to be displayed on the PDU. (ie. Radio, Barometric
or Target). With TARGET selected, Altitude may be set using the potentiometer below . |
the switch. The RAD ALT/BARO positions also select the type of air to ground ranging |
used if the radar is not locked. ,
- TARGET/WGSN potentiometer. X
This is used to set the Target Barometric Altitude and, in the Air to Air mode, to set
Target Aircraft wingspan. The values are shown on the PDU. i
- CAMERA ON/OFF two position switch.
This allows manual switch-on of the display recorder camera.
- BPS Potentiometer
The Barometric Pressure Setting potentiometer is used to set the pressure of the day
in millibars, the value being shown on the PDU.
- HUD/OFF switch and potentiometer.
K] This combined switch and potentiometer switches on the HUD, except the NCU, and allows
adjustment of the PDU display brightness. '
* - NCU/OFP/STBY combined switch and potentiometer.
c This control switches on the NCU and allows adjustment of the NCU display brightness.
After data has been loaded using the NCU, selection of the standby (STBY) position
allows the data to be retained in the EU memory when the EU power is disconnected.
This facility allows, for example, data loaded in the evening to be used for a mission
the following day. Use of the standby facility is indicated by illumination of the f
green Light BEmitting Diode installed above the switch.
- NORM/DCL (Mormal/Declutter) two position switch.
Selection of Declutter removes some of the symbols from the PDU display.
- Mode selector rotary switch.
] Selectable HUD PDU display modes are:
i f ; i
; “
L
l i —
—\—‘—~ *
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NAV Navigation
APP Approach
GEN General Flying
AA Air to Air Guns and Missiles
CCRP Continuously Computed Release Point
[o{e3§ 4 Continuously Computed Impact Point

e

The Navigation Control Unit (NCU) controls and displays are located at the bottom of the
PDU rear face. The controls and displays consist of illuminated push buttons located on
a legend-less panel and two opticators for data entry and dieplay.

Conventional NCU's using rotary switches would require more panel space to fulfil the
same functional requirements or, putting the point another way, use of illuminated push
buttons enables more functions to be placed on a given quantity of panel space.

The legends on the pushbuttons and examples of NCU use are given later in this paper.
Figure 4 shows the layout of the PCU. This unit is installed on the right hand side
console and contains the least used control functions for which there was no available
space on the rear face of the PDU. The unit is an integrated system panel and contains
the following controls

- A rotary switch for selection of ISU mode.

- On-Board Check Out System (OBCOS) control. This is a rotary switch for selection of
self-test of the NCU, HUD, ISU, ADC and Doppler. The result of the self test is
displayed on one of the NCU opticators.

- Doppler Off/Land/Sea three position mode switch.

- HUD standby sight On/Off and Brightness Control.

- Angle of Attack Warning System audio volume control.

5. MODIFICATIONS TO THE BASIC HUD/WAC

In order to convert, as it were, the basic HUD/WAC into a HUD/WAC/NAV fulfilling the
functional requirements specified, a number of changes to the baseline HUD/WAC equipment
were necessary, one of them being fundamental.

The necessary changes are summarised below:

(a) Changes to the FU

- The processor was changed to a three level interrupt type, the three levels being
50Hz, 25Hz and SHz.

- The Digital Data Bus was changed to ARINC 429M.

- A Bus Controller was added to the EU.

- The number of analog input channels was increased.

- The read/write data (scratchpad) store was increased.

- Scratchpad store hold-up by aircraft battery was added.

- The EPROM program store was increased in order to provide the Navigation Software.

- The NCU was added to the system, it being under control of the EU.

(b) Changes to the PDU

The NCU was added as an "Up-Front™ controller and containing a Standby Bus Controller.
(c) NCuPSU

This was added to the system to provide power for the NCU and for the Standby Bus
Controller.

(4) Pcu

This was added to the system to provide the least used controls. That is, those controls
for which it was considered less essential to be provided "Up-Front".

6. SYSTEM WEAPON AIMING FACILITIRS

As previously stated, my paper concentrates principally on the Navigation aspects of the
system. Por completeness, the weapon aiming facilities provided are summarised in this
section.

The weapon aiming facilities are as follows:




(a) Air to Ground
- Continuously Computed Impact Point (CCIP) for Bombs, Guns and Rockets.

- Continuously Computed Release Point (CCRP) for Bombs.

- Ranging using Radar, Radio Altitude or Barometric Altitude.

(b) Adir to Air
- Guna Snapshoot using radar ranging or stadiametic ranging.

- Maximum and Minimum range computation and display for Missiles.

7. SYSTEM NAVIGATION FACILITIES

This section describes the Navigation facilitjes provided by the overall aystem. The
navigation facilities are numerous and relatively sophisticated as can be seen from the
description below.

- Latitude/Longitude coordinates.

- Up to 18 waypoints are provided of which 4 are for storage of overflown points on
the ground (eg, targets of opportunity or similar points of interest).

- Storage within the EU of the coordinates of 10 pre-programmed destinations. These
are commonly used waypoints and may be called up as a waypoint in the aircraft route
plan.
- Speeds used for Navigation are Doppler/Inertial or Pure Inertial in the prime mode
backed up by Baro/Inertial following Doppler failure or if the Doppler stays in
memory for an excessive period of time. A last ditch back-up mode is use of air
data navigation following a partial failure of the ISU.
- Provision on the PDU of a flight director for guidance along the track, real or
offset, joining the current To/From destinations or, in the Intercept Sub-mode of
Navigation, guidance to intercept an airborne target. The flight director
- Pilot selectable display on the NCU of one of the following:
o Present Position
o Waypoint Coordinates
o Distance and bearing to the current destination
. o0 Coordinates of the pre-programmed destinations
© Groundspeed and track .
o Cross-track error concerning the current To/From waypoints. :

o  Current Windspeed and Direction

o Fuel and Time necessary to fly between any 2 waypoints either by direct flight
or by following the planned route.

! © Puel and time necessary to fly to the next destination from present position.
o In the Attack Sub-mode, the estimated time of day of arrival at the entry point
of the attack. In order to assist the pilot to arrive at the entry point of a
planned attack at the deasired time, a speed error symbol is displayed on the PDU.
© Weapons carried on the mission (shown on the PDU).
o Mission route plan (shown on the PDU). i

! - Pilot selectable automatic or manual destination change.

- Planned Fix on a waypoint or Random Fix, both by overflight.

Data entry either manually or using an automatic data loader.

- Data entry of
© Waypoint coordinates. Waypoints can be random or use can be made of the already
stored pre-programmed destinations.

‘ o Nominal groundspeeds and fuel consumption rates pertaining to each leqg of the
. route plan.

o Time of Day.

—

mechanisation uses a track hold control law computed in the HUD EU. -
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o Attack sub-mode data, including deasired time of arrival at the attack entry.
o Intercept sub~-mode data.

o Mission route plan (shown on the PDU).

o Windspeed and direction.

o Random fix data

o Desired left or right offset from track.

o Magnetic Variation and runway Magnetic Heading for the reference mode of ISU
alignment.

o Mission weapon data.

In the event of HUD failure, back-up Present Position calculated within the ISU
-and displayed on the NCU.

8. NCU OPERATION

In this section, the operation of the NCU controls is described in some detail and
illustrated by two examples. The NCU is used for entry and display of navigation and
other data and is, we believe, an elegant, unique solution to a complex problem.

8.1 Layout of the Controls and Displays

Shown in Figure 5 is the layout of the NCU with all pushbutton legends illuminated. This
is a situation which never happens in practice since the illumination of the legends, or
not as the case may be, is completely under the control of the EU software which allows
illumination of only those legende which are available for selection at the particular
time during the flight or during the particular phase of NCU usage. Additionally, some
functions are mutually exclusive. Por example, FIDO, the automatic data loader, is
available for selection only before wheels up. A second example concerns the MAN/AUTO
pushbutton. This refers to the type of destination change, either manual or automatic.
These are obviously mutually exclusive and, therefore, only MAN or AUTO will be lit at
any one time. Change from MAN to AUTO, or vice versa, is achieved by pushing the button.
As a third example, selection of AUTO causes the CHANGE DEST key to be blanked.

Referring to Figure 5, it can be seen that, for descriptive purposes, the NCU controls
and displays may be considered as consisting of four parts:

- Punctional Pushbutton Group
- Keyboard

- Small Opticator

- Large Opticator

(a) Functional Pushbutton Group
This is the group of 10 pushbuttons located above the two opticators. The following
functions are provided:

- Selection of destination change type (MAN or AUTO)

- Selection of the Attack and Intercept submodes of Navigation (ATK or INT)

- Automatic data loader operation (FIDO)

- Manual Destination Change (CHANGE DEST)

- Storage of the coordinates of overflown points (STORE POS)

- FPixes (PLANFIX, RANDFIX)

- Selection of whether the NCU will be used for display of data or programming
(entry) of data (DISPLAY/PROGRAM)

(b) Keyboard

This is a group of 12 pushbuttons. The lower halves of each pushbutton are used for
entry of numerical and other data. The upper halves are used to select the type of data
to be displayed or programmed.

(c) Small Opticator
This is a three "window" alphanumeric display used to give messages to the pilot
concerning, for example, system status or OBCOS results.

(d) Large Opticator

The large opticator is used for display of the data requested by the pilot, for example
present position, or to hold keyboard entered data during programming operations of the
NCU.

8.2 NCU _Display Example

Figure 6 shows the appearance of the NCU in the Display Select mode. As no data is to be
entered, the numerical part of the keyboard is blanked while the small opticator shows
that we are flying from waypoint 3 to waypoint 1 with the Doppler in memory. The top
halves of the keyboard show the wmenu of displays available for selection.
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Suppose that display of Present Position is desired. The pilot pushes POS and the NCU
appearance becomes as shown in Figure 7 with Present Position shown in the large
opticatocr. Of the available display selections, only POS remains illuminated as a
reminder of the data being displayed. A further push of POS returns the NCU to display
select mode.

8.3 NCU Program Example

From the display of, for example, Present Position, as shown in Figure 7, the pilot
presses DISPLAY and the NCU appearance changes tc the Program Select mode as illustrated
in Pigure 8. DISPLAY has changed to PROGRAM and the menu of programs available is
indicated in the upper halves of the keyboard pushbuttons.

Suppose that the loading of waypoint coordinates is desired. The pilot presses DEST and
the NCU appearance changes to that shown in Pigure 9. Of the program menu, only DEST
remains illuminated and the letter D has appeared in the small opticator as a reminder
that the next task is the entry of the destination (or waypoint) number. The keys O and
1 are illuminated ready for the entry of the first digit of the waypoint number which
must be a 0 or a 1.

After entry of the waypoint number, the NCU appearance changes to that shown in Figure 10
in which a waypoint number 06 has been entered.

The next task is to ACCEPT or REJECT this data by pushing the appropriate button.

If accepted, the next tagsk is to load the coordinates of waypoint 6 as shown in Figure 11
following which a further ACCEPT completes the entry of the waypoint number and its
coordinates.

(Note: The REJECT key is red when illuminated on the real NCU and, therefore, may not
appea§ to be illuminated in Figures 10 and 11 because of reproduction in black and
white).

8.4 Small Opticator Middle Window Indication Examples

Section 8.3 has given one example of how the small opticator is used during data loading
using the NCU.

Illustrated in Figure 12 are some examples of the appearance of the middle "window" of
the small opticator when it displays system status during normal flight - that is, when
the NCU is not in Program mode.

The referenced figure is self-explanatory except for the example given at the bottom
which indicates that we are flying from waypoint 3 to waypoint 2 with the Duppler
currently ii. memory.

8.5 Small Opticator OBCOS Indications

The appearance of the small opticator during self-test of the subsystem selected using
the OBCOS control located on the PCU is shown in Figure 13.

9. TESTING OF THE NAV/ATTACK SYSTEM

This section of the paper describes briefly the philosophy of integration and flight
testing of the overall prototype Nav/Attack system.

The testing comprises six phases as followe:

Phase 1

Each subsystem was acceptance tested before leaving its factory for delivery to the
systems integration and test rig site.

Phase 2

Upon arrival at the rig site, each subsystem was subjected to an identical acceptance
test using identical test equipment.

Phase 3

Progressive Integration Testing of the system on the rig against written test procedures.
In the context of integration testing, the word "progressive"” means that the subsystems
were, where possible, first tested in pairs, then triplets etc.

Phase 4

Ground test of the system on the trials aircraft against a written ground test procedure.

Phase 5

Flight Test. The flight test phase was essentially qualitative in that virtually no
per formance measuremerits were taken. The objective was to prove that the system was
functioning, but not in terms of accuracy measurements.

Phase 6

Flight Trials. This phase is quantitative and will determine the accuracies of the
Navigation and Weapon aiming modes.

e —— o




. ——— iy

e

For the latter part of the Flight Test phase and for the Flight Trials phase, an Airborne
Data Recorder (ADR) was installed on the aircraft to record from the data bus. The EU
software was also modified to output special parameters onto the data bus for recording
purposes. Since no instrumented range was available, other techniques had to be
developed for accuracy testing. These techniques, allied with the ADR and its associated
ground equipment, enable satisfactory flight trials analysis.

At the time of writing, the project is entering the Flight Trials phase.

10. CONCLUSION AND FUTURE TRENDS

In conclusion, this paper has described briefly a HUD/WAC/NAV system built to satisfy the
requirements of an overseas customer. Integration of Navigation and Fire Control within
a HUD has been shown in testing to be a viable concept. 1In particular, the NCU approach
of using illuminated pushbuttons is an elegant solution to the problem of providing a
complex navigation control and display unit in a limited space and of locating such a
device where it belongs, "Up-Front". This is due, in particular, to the fact that no
dedicated panel engravings are necessary.

For the future, we have to pose the gquestion -~

"Are we heading towards central computing with more and more functions, which have
historically been separated, integrated into one subsystem?"

However, it seems likely that such integration should be limited to those system LRU's
and sensors which are required to operate in a co-operative manner to achieve a given
function and one will certainly not see a widespread integration crossing many different
boundaries of redundancy, integrity and performance such as by integrating flight
control, engine control, navigation, stores management, etc, all into a single computing
complex, however all encompassing the theoretical integrity of such a complex might be.
Not only would such a system be highly expensive because of the need to design every
gystem up to the level of the most demanding, but it poses what are presently insoluble
problems in the field of common mode failures.

Therefore, as a basic systems design technique, I do not believe that we are moving back
towards the original central computer complex. On the other hand, in the area of
ajrcraft weapon system retrofit, where one is adding one or two quite distinctive
features to an existing aircraft, or integrating some of the existing functions within
the aircraft, it seems possible to adopt the benefits of central computing systems whilst
at the same time maintaining the existing levels of redundancy and integrity which are
available within the basic aircraft to which these new functions are being added.
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Figure 3

PDU and NCU
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Pigure 6 NCU Display Select Mode
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Pigure 9 NCU "DEST" Program
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NCU "DEST" Program (continued)
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I ®BIHHNIHY

! EXAMPLE

DOPPLER/INERTIAL NAVIGATION IN PROGRESS

PURE INERTIAL NAVIGATION IN PROGRESS BECAUSE DOPPLER IS IN MEMORY
AFTER ABOUT § MINUTES, ISU SWITCHES TO BAROVINERTIAL MODE

PURE INERTIAL NAVIGATION IN PROGRESS BECAUSE DOPPLER HAS FAILED

PURE INERTIAL NAVIGATION IN PROGRESS BECAUSE OOPPLER NOT TRANSMTTING
OR OFF. AFTER ABOUT 5§ MINUTES. ISU SWITCHES TO BARQ/INERTIAL MODE

BARG/INERTIAL NAVIGATION IN PROGRESS
HUD AIR DATA NAVIGATION N PROGRESS

AUTOMATIC NAVIGATION NO LONGER AVAILABLE

HUD FAIL

Figure 12 Small Opticator Middle “Window™ Indication Examples

FOLLOWING SELECTION OF A SUB-SYSTEM TEST USING PCU

T 7] seswucx
g SUB-SYSTEM FALL

Pigure 13 Small Opticator OBCOS Indications
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APPLICATION OF FLIGHT CONTROLS TECHNOLOGY TO
ENGINE CONTROL SYSTEMS
by
Rudolf J. Seemann and J.L. Lockenour
NORTHROP CORPORATION
Aircraft Division
Hawthorne, California

.

‘/ SUMMARY

The transition from mechanical to redundant digital electronic flight controls started in 1950 and is
at a rather advanced state. The first few full authority digital electronic engine control systems have
completed initial development. Many of the control laws and redundancy management techniques that were
pioneered in flight controls are directly applicable to digital engine controls.

Section 1 outlines the authors' recommended system design approach. Section 2 discusses some
considerations for the design of electronically implemented control laws. Section 3 describes a typical re-
dundancy management concept, based on digital flight control techniques, for a quadruplex engine control
system. This is followed by the authors' recommended analysis methodology to determine the probability
of control system failure. The conclusion of Section 3 discusses some implications that use the probability
theory has on the control system design requirements. Section 4 di the r ded integration,
development test and validation test approach of the authors. 57

1 GENERAL CONTROL SYSTEM DESIGN PHILOSOPHY
1.1 Engine Control System History

The first turbine engine became operational less than 50 years ago. Comparing today's sophisti-
cated hydromechanical turbine control system to the comparatively simple turbine control of the first
engine shows the tremendous progress made in the turbine controls field. This progress, in our opinion,
will be overshadowed by the progress that will be made in the next three to six years with the new
digital engine controls.

A turbine engine is a device that, unless controlled in an exact manner, has the tendency to self-
destruct. Control must be obtsined in -a relisble, efficlent and cost effective manner. In many ways this
is similar to the control of an unstable aircraft with which the authors are more familiur than turbine
engine controls., However, the application of digital control techniques and redund t con-
cepts demonstrated in flight controls, as well as the lessons learned in flight controls, are dh-ectly appli-

cable to engine controls.

1.2 Hydromechanical Control System Design Priorities
To adequately control a turbine engine is always a difficult job. This was especially true in the
early days of turbine engine control work. There was little analytical basis for the control work and
experimentation formed much of the basis for early control systems. Out of these experiences came the
control system priorities that still hold true for today's hydromechanical controls:
1. Engine protection against self-inflicted damage for self-destruction from:
a. Temperature limits being exceeded
b. Speed limits being exceeded
c¢. Pressure limit being exceeded
2. Engine stability is lost as expressed in:
a. Engine thrust fluctuations
b. Fan and compressor stall margins
¢. Augmentor spikes
3. Compatibility with aircraft inlet to satisfy engine requirements for:

a. Airflow corridor
b, Minimum burner pressure

4, Steady-State performance and accurscy of engine with regard to:
a. Thrust modulation
b. Thrust and fuel consumption requirements

c. Control sensitivity
d. Repeatability

5. Transient requirements of total engine to assure:
a. Thrust is a monotonic function of time for monotonic throttle command
b, Accelerstion and deceloration times are reasonable and repeatable
c. Combustion stability is always present

6. Reliable start and transition to normal operation is available

7. Engine msintenance is minimum and can be performed in a reasonable menner.
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It is the authors' opinion that prioritizing digital electronic control system requirements in this
manner can be detrimental to a successful digital electronic control system. It is expected that proper
use of the digital processors (with the necessary help of advanced multi-variable controls theory) will
make it possible to meet all these criteria without necessarily assigning a priority order and without
sacrificing overall safety or performance at any point in the flight envelope.

1.3 Control System Design Procedure

The recommended design procedure is shown schematically in Figure 1.1, Control System Design
Integration and Validation Flow Diagram. It describes the method used by the authors in d:sign of flight
control systems. It is felt that this method would be applicable to engine control in the same manner as
to flight controls.

1.3.1 Concept Development

Any control system has three major requirements: The first is the functional requirements which
relate to the plant that must be controlled. The second is the environmental considerations which must
be specified to ensure the survivability of the control system. The third is the related probability of
operation of the control system which is especially applicable if there are redundant control modes.

The functional control law characteristics determine the engine efficiency, utility, response charac-
teristic and performance. These characteristics are obtained by synthesizing the control laws and are
validated by analysis in the design phase and by testing prior to actual use on the engine. The environ-
mental characteristics specified under which the control system components must survive are determined
by the location of the components on the engine and/or with‘n the airplane. These considerations influ-
ence the basic selection of the control system components that can be used. They also affect the overall
control system architecture.

Probability of engine operation requirements are specified as the allowable probability of loss of
engine, probability of allowable mission abort, and probability of damage to the engine due to engine con-
trol system failure. The specified requirements can be used by the control system designer to determine
the required fault tolerant approach to meet the design goals for a fly-by-wire engine control system.
Redundancy considerations, in conjunction with the reliability of the individual subsystems, form the basis
of the engine operational readiness, the probability of operation, the probability of mission abort, as well
as maintenance and life cycle costs o ‘he engine.

Applying probability numbers based on Mean Time Between Failure (MTBF) data of components and/
or subsystems to determine probability of engine loss, ete., has severe implications on the requirements
for Continuous Built In Test (CBIT) and Initiated Built In Test (IBIT) of the engine control system.
The standard practice of using MTBF data in control system probability analysis subtly implies that prior
to each flight the control system is completely checked to verify that no latent failures are present in the
system. In addition, failures that occur and have provisions for failure isolation and system reconfigura-
tion must be identified and the system must be reconfigured. These CBIT and IBIT test requirements
must be identified and implemented as part of the fault tolerant design of the engine control system.

1.3.2 System Definition and Development

The combination of functional and probability of operation requirements results in the complete defi-
nition of the conceptual engine control system. The authors feel that it is prudent at this time that the
initial Fallure Modes and Effects Analysis (FMEA) and Single Point Failure Analysis (SPFA) be conducted
to determine if there are any fallure modes within the control system that have not been properly ad-
dressed. Merely conducting a single point fajlure analysis and a failure modes and effects analysis is not
sufficient since it only identifies potential problem areas and potential solutions. The potential solutions
must be validated through testing on the actual engine control hardware to assure that the conclusions
derived are correct. Therefore it is important that the testing facility be available that has the ability to
validate single point failure analysis results and failure modes and effects analysis results.

The functional analysis results must be validated in a simil — preferably on the same con-
trols test stand. The method proposed here for functional and redundancy I's verification is to
construct an engine controls test stand that will allow validation of control systems characteristics. The
definition of such a test stand must be considered in the conceptual engine control system design. The
validation of the control system operation as influenced by environmental characteristics is done as part
of the component testing and is not considered in the test stand design.

After the conceptusl design is completed, the system must be separated into individual line replace-
able units (LRUa) must be done. The line replaceable units are computers, actuators, sensors, etc.,
each requiring its own dedicated specification. Satisfactory results from the control system analysis, the
FMEA and the SPFA assure that the specification is ready for vendor selection and contract negotistions.
As psrt of the contract award negotiations, a definition of LRU development testing, acceptance testing,
environmental testing, reliability development, and life testing must be defined and made a part of the
contract,

1.3.3 Verific.tion, Validation, and Integration Testing

Based on the authors' experience in flight control systems, it Imost impoasible to integrate a
high authority digital engine control system or flight control system without the use of a control system
test stand. A generalizsed block diagram of such a control test stand is shown in Figure 1.2. A control
test stand is used to integrate the control system hardware, perform functional validation of the control
laws and redundancy g implementation of the engine control system design.
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Experience in flight control system has shown that it is extremely important to perform formal test-
ing with well-documented and rigidly controlled test procedures. It is helpful to perform some develop-
ment testing prior to the official tests in order to assure basic system operation and to allow identification
and resolution of early fundamental operation problems. Close cooperation is required between the
selected LRU vendors and the buyer to assure that the vendor's development test procedures, acceptance
test procedures, environmental test procedures, life test procedures, and the buyer's system integration
test procedrves, development test procedures and validation test procedures are properly coordinated.
This coorev.ation is especially important for the design of the integration test facility at the buyer's
facility, wrich places special requirements on many of the individual LRUs. These special requirements
will require extra features of the lab test units to allow visibility into internal operation of LRUs to aid in
problem identification and debugging.

The test stand facility must serve the purpose of conducting preliminary trial runs of tests to be
conducted at a later date on the engine in the test sell or on the aircraft. Time and money should,
therefore, be saved in the test cell and aircraft tests by debugging the test plans and procedures and by
allowing the test ceil and aircraft tests to be checks of critical points and a verification of previous
results.

Satisfactory completion of all testing on the engine controls test stand should be a prerequisite for
the control systems testing in the engine test cell. If a good representation of the thermodynamic engine
was used in the closing of the control loops on the controls test stand, the test results of the engine test
cell should be identical to the results obtained on the test stand. This in turn implies that the test cell
operation of the engine control system and the total engine operation is a validation of the previously
obtained engine controls test stand results. Proper use of the controls test stand therefore allows the
inexpensive operational use of the engine controls test stand to be substituted for many hours of expen-
give test cell runs.

The test procedures used and validated on the test stand can also be used on the engine test cell
operation and engine installation testing on the aircraft. Again, this will lead to further cost and time
savings in the final phases of the program when time is generally at a premium and delay costs are high.

2. TUNCTIONAL TURBINE ENGINE CONTROL LAWS

section briefly reviews typical current Hydro-Mechanical control law development for turbine
eng’ .d gives a general example of a hydro-mechanical control law. This will be followed by a dis-
3 .f expected parallels between turbine engine control and flight control system developments.

2.1 Engine Model for Control Law Discussions

The turbine engine model selected for detail discussion of the control laws is shown in Figure 2.1.
It is an afterburning, two stage turbine engine with the sensors and actuation system controls identified.
The engine is typical of those used in current generation fighters.

2.2 Typical Hydro-Mechanical Control Law Concept

Current turbine engine control systems schedule the inlet fan vane guides and high pressure
compressor vane guides as a function of component corrected speeds, These schedules are derived from
component tests and are designed to maximize component efficiencies along the operating lines which will
assure adequate stall margins for even the most severe operating conditions anticipated.

The fuel control is similarily designed to schedule fuel flow as a function of RPM, engine pressures,
engine temperatures, static pressure, free air temperature and Mach number to assure that none of the
operating limits of the turbine engine will be exceeded and the required operational characteristics are
maintained.

The general approach used in hydro-mechanical controls is to use a "predictor" control law that
predicts in advance the desired vane guide position, nozzle position or fuel flow desired based on pres-
sure, temperature or other sensor signals.

In brief, this design approach is well understood by the engine controls community and has a large
data base to support its use. The hydro-mechanical control computers development in support of this
control concept are an outstanding engineering achievement representing a mature technology.

2.3 Recommendations for Digital Electronic Turbine Control Laws

The potential performance improvements obtainable by modern electronic control systems in increased
thrust over the flight envelope, improved Specific Fuel Consumption (SFC), improved probability of
Mission Success, lower probavility of engine damage and engine loss and the promise of lower develop-
ment, acquisition, operating and life cycle cost will, in the authors' opinion, make the current approach
obsolete.

However, digital electronic computers show only small advantages when incorporating conventional
engine control laws into a digital hardware/software architecture. This can be vastly improved by adding
an electronic control law concept which also uses command position (or fuel flow) to drive the plant to be
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controlled to desired operating conditions and is implemented by following several guidelines used in the
development of digital flight control systems. The following guidelines should be observed:

1. The design approach should lend itself to small amplitude — piecewise linear systems analysis
using either state variable or complex plane ques.

2. The limit functions should be excluded from the control law snalysis, The inclusion of limit
functions prohibits initial use of linear analysis, which is a very powerful tool for validating the
initial design concept. Table 2.1 shows a list of 38 limit functions required for a generalized
two spool engine. Any or all of these limits can be functions of multiple variables used or not
used in the primary engine control laws.

3. The linear analysis should be followed by time domain non-linear analysis to evaiuate the effects
of limit functions and other nonlinearities.

4. Actuator control loops should be designed to be single command/feedback functions with only
one summing junction in the loop structure. Reduction of the actuation system(s) to first or-
der, second order or third order linear system must be possible.

2.4 Recommended Interface Between the Hydro-Mechanical and Digital Flight Control Subsystems

Designing control laws based on the preceding r dations is expected to produce superior
performance over the hydro-mechanical system. However, since the new control laws and mechanization
have not been proven to date, it is advantageous to build the initial systems such, that the control laws
of the electronic system are in control, but the hydro-mechanical control system is also active and ready
to take over should the electrical system perform unsatisfactorily or even fail. By the same token, it
must be possible to disconnect the hydro-mechanical system if that portion of the system should fail.
This switching concept is shown in Figure 2.2. For the case shown, the inlet Fan Vane control and HPC
Vane control is spring-loaded to the hydro-mechanical control. By applying hydraulic pressure to the
transfer valve the electrical control mode is selected. There are independent loop closures for the
electrical and hydro-mechapical actuation system. Through the use of the transfer valve, either loop
closure can be selected.

3. REDUNDANCY MANAGEMENT CONSIDERATION

This section first describes a typical redundancy management concept used in quadruplex digital
control systems. This is followed by an example of probability analysis applied to such a quadruplex
control system. The conclusion of this chapter discusses the authors’ approach to probability of opera-
tion specification for a control system, some implications that use of probabhility theory imposes on the
system design and the definition of the authors' "cost effective" design goals.

3.1 Typical Redundancy Management Concepts for Quadruplex Digital Processor Systems

One of the desirable features of a digital processor is its capability to process large amounts of
data, perform complex computations, and make complex logic decisions in an efficient manner. The unde-
sirable part about the digital processor is its failure modes. First, these failure modes can be cata-
strophic at any time without prior warning. This is in contrast to a mechanical system where failures are
normally preceded by detectable wear, leaks, or degraded performance. Second, there are many failure
modes that allow basic operation of the processor, but do not ailow performing the computations and the
desired logic decisions in the manner required by the system design.

3.1.1 Built in Test Concept

The problem of the processor operating but coming up with wrong solutions can be handled by
using a well-structured and dedicated method of testing. One should realize that a unique feature of the
digital processor is its capability of determining if the last set of computations performed by the proces-
sor were performed correctly. This {s accomplished by a testing method commonly called bullt-in tests
(BIT). BIT can be separated into two parts; continuous BIT (CBIT), which is run any time the func-
tional algorithms are being executed, and initiated BIT (IBIT), which is run when power is first turned
on or when selected by ground crew or pilot.

The concept of continuous BIT and initiated BIT must be an integral part of the control system
design. It is not a feature that can be added on at a later time, but must be considered in the initial
system design. The hierarchy of a red t system starts with the digital processors.
Once the processors' operation has been ver‘lﬂed all the interfaces between the digital processors and
between each processor and the outside world are tested. After that testing has been completed satisfac-
torily, testing is extended to the sensors and their interfaces, the actuators and their interfaces, and
also the discrete signals and their interfaces.

The continuous BIT is running continuously and checks the normal operation of the control system.
The initiated BIT checks, in addition to the normal operation, such items as failure detection monitoring
circuits, control system reconfiguration circuits, and display interfaces. Failure to pass these tests leads
in general to the disabling of the affected system portion(s).

A generally accepted philosophy is that a digltnl _processor can declare only itself as fafled. It is
considered imprudent to allow the other pr lare a particul failed. Considering
the amount of self-testing that is possible in a digltul processor, the authors feel that this is a proper
decision.
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A typical series of tests conducted by the digital processor to assure its operational status is:
1. A watchdog type monitor in the computer hardware that is of the "dead man" switch type.
2. A PROM memory test that performs a check sum of the y and pares it against a stored

number indicating the correct check sum.

3. A separate computation involving all the microcode instructions of each individual processor.
The correct results of the computation(s) is stored and compared to the actual results obtained.

4. A parity check that verifies the validity of data previously stored prior to its use.
5. A pattern check* of the RAM memory.

6. A pattern check* of the digital processor bus system and the registers.

7. A check of the power supply within the control system.

A pattern check consists of writing all zeros into the desired locations and then reading the infor-
mation back out to assure that the input and output information is identical. This process is
repeated with all ones, alternate zeros and ones, alternate ones and zeros, alternate zeros and ones
in pairs, and alternate ones and zeros in pairs.

If a processor can perform all the indicated functions for continuous BIT correctly, the processor
can be assumed to be working with a very high degree of confidence. Once the processor is operating
satisfactorily, the next step is to test the interfaces from the digital processor to the outside world.
These interfaces are:

1. The analog to digital and digital to analog converter
2. The discrete input and output signal interface system

3. The intercommunication systems between digital processors typically called the cross channel
data links,

4. The MIL-STD-1553 bus if such a device is part of the system.
3.1.2 Built in Test Applications

The analog to digital (A to D) and digital to analog (D to A) converter continuous built-in test is
best described with reference to Figure 3.1. This test uses a dedicated wrap-around test loop and the
previously described test patterns that were used in the RAM memory testing. The digital processor uses
the test pattern, one at a time, and sends the data out through the D to A converter. The wrap-around
test loop is activated and the analog data transfers directly through a buffer amplifier to the analog to
digital converter. The analog to digital converter receives the digitized data and verifies that the data is
within tolerance. Typical tolerance is *2 least significant bits. By using all test patterns and obtaining
satisfactory results the normal operation of the A to D and D to A converter is assured.

The discrete signal interface system is best described with reference to Figure 3.2. This system
also uses a wrap-around test similar to the analog to digital and digital to analog converter wrap-around
loop. The discrete signals coming into the digital processor are stored in a latch buffer and are coming
in through the parsallel interface. From there the signals are sent to the digital processor via the digital
processor bus. The output discretes are sent via the digital processor bus to the output latch buffer.
From the output latch buffer the discrete signals are transferred in the paraliel mode to the discrete hold
circuits. The hold circuits are the refresher type that require periodic updating for the discretes to
stay in the ON state. This assures that if the digital processor stops functioning the discrete signals
will go towards the OFF state typically within two to four samples. The wrap-around loop uses the serial
interface of the shift registers. The output latch buffers are wrapped around to the input latch buffers
and the testing is similar to the analog to digital converter test. The digital processor uses the test pat-
terns previously discussed and feeds the data to the output latch buffer in the parallel manner. From
there the data is transferred to the input latch buffers using the serial link between the input and out-
put latch buffers. The digital processor receives the data from the input latch buffer and compares them
for bit identical patterns. Using all test patterns, one pattern at a time, and obtaining good results
assures normal operation of the discrete interface. The experience of the authors is that the discrete
interface i{s & much more cumbersome and difficult task for design, test, and validation than the analog
signal interface.

The cross channel data link interface is best described with reference to Figure 3.3. This inter-
face {8 the communication link between the different digital processors of the engine control system. This
test uses again the previously discussed test patterns where each of the digital processors sends the test
patterns to the other processors, all working time synchronous. The digital processors start their com-
putational cycle, which typically varies from 10 to 20 milliseconds, at the same instant. Since all pro-
cessors start their task of continuous B{T simultaneously and all processors know what data is to be
received since they are also transmitting the same data, esch processor can check the data received from
the other processors and verify normal operations. Receiving all test patterns from the other processors
in the bit identical manner assures normal operation of the cross channel data link.

Many of the digital processor interfaces to the outside world have their own dedicated RAM memory.
This RAM memory requires a separate test, identical to the test for the previously discussed processor
RAM memory, which was described at the beginning of this section.
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The testing of the MIL-STD-1553 bus system is specified as part of MIL-STD-1553. The only
recommendations that the authors have is that if the dual bus which is specified in the MIL-STD is used,
the system should alternate between the A bus and the B bus. By using the buses in an alternate
manner, a failed bus is detected at the time the first failure occurs and a failed system is not carried
along without knowing that a fallure has occurred. Using the ssme bus until a fallure occurs can result
in having had a failure in the bus system not being used and when trying to use the second part finding
that the system had previously failed.

3.2 Typical Redundancy Management Concepts for Signals Interfacing With A Quadruplex Digital Control
System

3.2.1 Input Sensor Management

This section discusses the failure detection of redundant input sensor signals. In case of engine
controls, typical input signals are pressure signals, RPM signals, and temperature signals. Pilot command
signals and actuator position signals also fall into this category. The testing is best described with ref-
erence to Figure 3.4 which shows the data flow for the testing. One capability found in the digital sys-
tems that is not available in analog systems is the use of separate criteria for selecting the signals to be
used for computation and detecting if a signal is failed. Assuming the quadruplex channel system, shown
in Figure 3.4, each of the four processors receives all four sensor signals, one from its own A to D con-
verter and the other three from the cross channel data link. The typical procedure is to perform a rea-
sonableness test which also produces some flltering on the data.

This filtering is helpful in determining if the local channels sensor signal is within normal operating
limits relative to the other channel sensor signals. The standard procedure is that each processor can
only declare its own signal failed. The criteria typically used is that each sensor must be different (by
more than the failure threshold) from all three sensor signals in the same polarity direction. It is not
unusual to allow a signal to indicate that it has failed for several consecutive samples before the sensor is
officially declared failed. Such an occurrence is stored as failure indication data., That data should be
displayed at the post flight system check for maintenance action. If the signal is not within tolerance, it
is not used as part of the signal selection algorithm that determines the sensor signal value to be used in
the control computations.

The selected signal for computation is typically the average of the middle values if all four signals
of the previous computation have been declared good; it is the middle value if there are three good
signals; and it is the lower, nonzero value, if there are only two good signals remaining. The lower
nonzero value is chosen to prevent hardover signals and signals failed to zero from being selected.

Discrete signal failures are detected through a time relationship. Each digital processor receives all
four signals (either through its own interface of through the cross channel data links) and determines the
good/failed status of each signal and the switching action that should take place in the central system.

The closing or opening action of switch contacts on a multipole switch typically do not occur simul-
taneously. Consequently it is possible that there is a substantial time difference between the status
change of the first set of contacts and the last set of contacts on a multipole switch in response to a
typical command. The only exception is switches incorporating a mechanical overcenter device that makes
the switch assembly into a bistable device. The bistable switch bly is r ded for use with
redundant digital systems.

Assuming that 8 switching action is initiated by some component within the engine control system,
actual switching in the processor occurs after a majority of the good signals have changed state. For
example, if there are four good signals and three of the four signals have changed state, the processor
assumes that the switching command is correct and will perform the switching indicsted. Discrete signals
have a designated time limit, a typical number is 150 milliseconds, to complete switching. If the fourth
signal in the previous example completes switching prior to the switching time limit expiring, no failure is
declared. If the fourth signal does not switch prior to the time limit expiring, the processor will declare
the fourth signal failed. The same procedure is used if there are only three or two good signals.

One shouid note that in discrete signals it is quite possible to have two simultaneous failures,
making it impossible for the p to isolate the failed signals. It is therefore important to define for
each type of discrete signal the preferred state to which the processor will revert the system if it is no
longer possible to determine what the discrete status is. In some cases, the preferred state is a condi-
tional situation depending on other variables available.

3.2.2 Actuator Management

The r ining failure d tion pt is the actuation system fallure identificstion. This {ia the
most difficult concept and also has the most conceptual variation. The authors' preferred concept is the
electro-hydraulic servo valve with multiple coils, This concept is shown in Figure 3.5. The advantage of
the multiple coil concept is that it allows interface of multiple electrical channels to one actuator without
violating the electrical isolation requirements. Most engine control systems use the single-fluid actuator,
which is substantially simpler to control and monitor than the dual fluid system typically used in flight
controls. Since position accuracies of +2 percent are ptable for engine control syst » the electrical
command, mechanical feedback concept is recommended. This, in turn, will lead to the simplified in-line
monitoring concept shown in Figure 3.5. The in-line monitoring concept duplicates the drive circuit used
on the primary actuator for monitoring and compares the drive currents from the model drive circuit to
the actual circuit. Fallure identification of each circuit is nearly instantanecus and thereby prevents
large failure transients. This actuation system is three-fail operate electrically, but since there is only
one EHV and only one fluld system, there is no fail operational capability in the fluidic portion.
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There is an additional method of failure detection available for engine control systems. This con-
cept is based on resl time modeling of the thermodynamic engine in the onboard digital processor. This
concept is shown in Figure 3.6. Such a real time model was developed by General Electric and demon-
strated as part of the FADEC program. The results are published in a SAE paper (Reference 1). This
paper describes a real time modeling concept of the thermodynamic engine which provides all sensor
signals of the engine. This model can be carried in the digital processor controlling the engine and the
sensor outputs from the model can be used to control the engine. By using Kalman filtering techniques
to make the engine and sensor signals track together, one can determine failures of the sensors and con-
tinue to operate the engine in the presence of sensor failures, even if there is only one digital processor
in the engine control system.

3.3 Computing Probability of Engine Operation

There are several possible approaches to determine the probability of operation of an engine control
system. A typical approach is to determine the for each component and the probability of operation is
the sum of all the individual 's. This approach is not suitable for redundant fly-by-wire type control
systems. This is mostly due to the fact that there is a high dependency and interrelationship in
redundant control systems that defeats the summation technique.

For the probability of operation analysis of redundant electronic control systems the probability
block diagram modeling approach is recommended. This requires the construction of a block diagram rep-
resenting the total control system. The total enntrol system consists of the electrical power circuits, the
fluidic power systems, the electronic system segments, the wiring of the control system, the sensors and
the actuators of the control system. The basis for such a diagram is shown in Figure 3.7 for a gener-
alized control system. The solid lines represent a single digital processor system. Adding the dotted
lines results in a dual digital channel processor system. The fluidic portions are single channel. Each of
the components or blocks has its own MTBF and the probability of failure of that block is 1/MTBF.

By adding the sensors, electrical fuel control circuits and electrical actuator control circuits to the
output states defined by Figure 3.7 a probability of operation flow diagram can be constructed, as shown
by Figure 3-8. The control system is operational if a continuous path exists from the left side of the
flow diagram to the right side of the flow diagram. The individual branches of the flow diagram are con-
nected by AND gates and OR gates.

Figure 3-8 illustrates probability of operation for a nonredundant control system. Being single
channel, the system has poor probability of operation with the expected number of failures per million
flight hours determined by adding the probability of failure (or ) of each block.

Figure 3.9 represents a dual digital channel engine control system with the pr.viously used single
channel fluid systems. The outputs of Figure 3.7 are used as inputs to Figure 3.9 as in the previous
example. The sensors, electronic fuel control circuits and electronic actuator control circuits are also
dualized. The multiple EHV coil interface approach, previously di d, was d. Thc resulting
block diagram, shown in Figure 3.9, is substantially more complex than the previously shown single
channel system. By inspection one can determine that the resulting control system can operate after the
following failures:

1. One digital processor, or

2. One fuel control channel failure plus one Vane guide actuator channel failure plus one nozile
actuator channel fajlure, or .

3. One electrical power system failure. All other failures lead to loss of engine control.

An additional level of redundancy is shown in Figure 3.10. In this configuration use is made of the
Cross Channel Data Link (CCDL) that allows data exchange between the digital processors. The outputs
of Figure 3.7 again provide the inputs to Figure 3.10. Even though the hardware complexity increased
very little, the complexity of the block diagram in Figure 3.10 incrcased substantially over the previous
two figures. The addition of the CCDL allows the control system to operate the actuation control circuits
of channel 1 with the sensors of channel 2 and visa verss. In addition, the ge of
allows better testing and failure isolation.

The systems shown in Figures 3.9 and 3.10 can no longer be analyzed by summing up the probabii-
ity of failure of the individual blocks. In order to obtain the probability of the engine control system
failure, one must write the probablility equations of the block diegram snd compute the probability of loss
of engine control based on mission duration. The probability of aircraft loss increases exponentially with
mission duration.

There are additional implications to the block diagrams in PFigures 3.9 and 3.10. Each of the OR
gates indicates redundant systems with either system having the capability of controlling the engine. By
computing the probability of operation in the manner indicated, one makes implicitly the assumption that
all faflures are detected and the control system is reconflgured in a safe manner. In other words, a
failure can not cause critical damage to the engine prior to system reconfiguration and the reconfiguration
circuits can never fail. This would imply a coverage of 1 which is not possible. However, using good
desig‘n practices and a good CBIT and IBIT concept, coverages sbove 0.95 are possible and are also
satisfactory.

By using the recommended analysis approach, one can analyze systems of any complexity. Being
able to analyse systems allows one to trade off different system redundancies and redundancy management
concepts. Based on work performed in flight controls, the authors believe that it is possible to meet the

"proposed requirements definition for redundancy management” postulated in Section 3.4.
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3.4 Requirements Definition for Redundancy Manag

The redundancy and fail-operational capability requirements of a control system must be developed
with guidance from probability analysis. The basic design requirements for such an approach is to define
the criteria for:

1. Allowable Probability of plant shutdown due to control system failure.

2. Allowable Probability of Mission Abort.

3. Design Mission Duration.

4. Probability of damage to the plant being controlled due to control system failures.

Using again Flight Control Technology as reference, the probability of loss of aircraft due to flight
control system failures of a tactical fighter is typically less than 10°7 and the probability of mission abort
due to flight control system failure must be less than 1073,  Mechanieal flight controls cannot be built to
meet these criteria, but an electronic flight control system, designed to have the y redundancy
and fail-operational capability, can meet the specified criteria,

The criteria for engine control system loss can be specified in the ssme manner as for flight con-
trols. There might be a difference in loss of control criteria for single and multiple engine aircraft. The
critical case is the single engine airplane and the criteria development in this paper will use a single en-
gine tactical aircraft example. Considering that loss of engine control typically causes loss of the air-
craft, the allowable probability of engine control system failure is less than 107°.

The second item that must be specified is the probability of mission abort due to engine control
system failure. The probability of one mission abort per 10*3 missions used in the flight control system
is considered applicable and will be used here.

The third item is the mission duration time. According to MIL-F-9480D, the applicable flight control
system specification, the design mission is typically the longest mission that does not require mid-air re-
fueling. The longest mission for a tactical fighter is the ferry mission and the specified mission time for
this design is 2 hours.

Fourth, the allowable probability of damage to the engine due to the control system failures must be
considered. Due to the high cost of engine repair, no failure within the engine control system is allowed
to result in damage to the engine. The probability specified for engine damage must therefore be less
than 1077 which is the probability of total loss of engine control. The specified probability is 1078,

The design requirements specified so far are:

1. Allowable probability of engine failure due to engine control system failures i{s less than 10-7
one failure in 107 flight hours.

2. Allowable probability of mission abort due to engine control system failure is less than 10-3 per
migsion. This can also be expressed as one mission abort every 10° missions.

3. The design mission duration is 2 hours.
4. Allowable probability of engine damage due to engine control system failure is less than 10'8.

Based on these requirements and proper use of probability analysis, the redundancy management
portion of the engine control system can be specified.

Missions time for probability operations are not necessarily the same functionly as mission time
which is from take-off to landing. Mission time for probability computations is the time between complete
system validations. This includes all functions rarely used, such as limits, reconfiguration circuits,
failure detection circuits, sensors, actuators, etc. To make this definition mathematically complete, a
coverage greater than .95 for all systems and component tests is specified as an acceptable system
validation. 1t can be safely stated that s manual system check to 95 percent coverage is not possible.
Such a tost is typically automated as a combination of continuous BIT and preflight/postflight BIT with
some manual tasks such as moving controls and switches done by the pilot. Such a test must be con-
sidered from the initial design to meet the specified requirements. One should note that the probability
mission time approaches equipment {nstalled time as coverage spproaches zero.

4. CONTROL SYSTEM INTEGRATION, DEVELOPMENT TESTING, AND VALIDATION TESTING

A complex digital control system, of the nature dhcuned in mu paper, must be Integrated and
validated in a closed loop environment. A loop e , in this case, that the
thermodynamic engine characteristics are being modoled by a digital procensor and that the input vari-
ables (such as flow, fan position, vane guide positions, and exhsust nossle area) are used as input to
the thermodynamic engine model. The outputs of the thermodynamic engine model are the sensor inputs
to the engine control system. Having a complete engine control system, consisting of the actual hardware
and software, not a simulation of it, integrated with the thermodynamic loop closure as previously
described, allows one to simulate engine operation of the total engine in its final configuration. In the
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design of the control system (prior to specification release for the individual LRUs), one must make pro-
visions so that all inputs to the thermodynamic engine model are available as electrical signals, and to
make provisions so that all inputs from the thermodynsmic engine model to the engine control system can
be entered in parallel with the actual sensors. An alternate to this approach is a input simulation
so that the output of the actual sensor can be used as input to the engine control system.

Testing to be performed on such engine controls test stands consists of the following:

1. Integration of all control system components and their functional evaluation.

2. Engine controllability evaluation over the flight envelope. (It should be pointed out that the
controls test bench testing is rather inexpensive and that time can be spent cost effectively
verifying all aspects of engine operations.)

3. Validation of the failure modes and effects analysis and the single point failure analysis.

4, Dynamic thrust response evaluation of the simulated engine and engine control system com-
bination.

By performing the testing in a rather rigorous and extensive many probl typically dis-
covered in the flight test program can be discovered on the engine test stand. The prerequisite for such
a statement is that the thermodynamic engine model, which is contained as mathematical equation in a
digital processor, has the necessary fidelity. Such models can be formed as is indicated in Reference 1.

The authors' design for an engine controls test stand is shown as block diagram in Figure 4.1,
Assuming that the engine test stand is used by the engine designer, it must have the capability of sim-
ulating typical sircraft acceleration and deceleration profiles, typical climb and descent profiles, and oper-

ation at any constant Mach and altitude point. At any of these points in the flight envelope, the engine

must be able to accel/decel, simulate air starts or perform any other required functions.

1t is the suthors' opinion that all testing to be done in the engine test cell should also be done
first on the engine controls test stand. This assures that the time spent in the test cell is used for
maximum benefit since all test procedures have been previously validated. One of the experiences fre-
quently encountered is that the first set of test instructions shows definite weaknesses and have to be
corrected prior to use on the actual aircraft.

Another benefit of the controls test stand is the total validation of the continuous and initiated
built-in tests. It is extremely difficult to finalize such concepts on the actual engine. The capability of
stopping the simulation at any time, investigating the individual conditions existing at that point, and
continuing on after all the errors have been corrected and unexpected indications are understood, is of
immense value. This type of testing is not only of value at the initial development of the engine control
system, but also during engine tests and flight test programs. One can simulate engine abnormalities and
thereby gain a better insight into problems occurring in testing that cannot be analyzed in such detail in
an engine test cell or in a flight test program.

The authors also envision use of engine control test stands by the airframe manufacturer. Such a
test stand will probably become part of the control system development test stand. If a complex
fly-by-wire control system or integrated flight and propulsion controls test stand is used on a particular
airplane, the interaction between engine, electrical power system, hydraulic power system and the flight
control system can be validated. By having all these subsystems functioning together on the same
controls test stand, interactions of these subsystems can be analyzed if there are problem areas;
corrections can be found and implemented.

An additional area of concern for the sirframe contractor is the engine inlet and the airframe inter-
action. By modeling the inlet in the proper fashion and by using the controls test stand as a flying sim-
ulator, the excursions of alpha and beta (which are typically critical to the inlet and airframe integration)
can be investigated. In considering such an investigation one must realize that the maximum alpha and
beta excursion which are of interest typically occur during failures in the control system or are due to
gust disturbances on the aircraft. By obtaining the alpha and beta excursions due to control system fail-
ures and simultaneously simulating the effect on engine performance, one has the capability to verify if
there is a problem and test possible solutions to the problem. The same is true for disturbances due to

gusts.
5. CONCLUSION

This paper has presented the control system design technique used by the authors in the develop-
ment of electronic flight controls translated to the development of engine controls. Valuable lessons have
been learned in the past decade in the development of fault tolerant, flight critical flight controls.
Through this experience a process of linear/nonlinear analysis, simulation, and hardware integration test-
ing has developed. Structuring the control system design, documentation and testing as recommended in
this paper offers the hope of leading to control systems that function as desired, have no hidden prob-
lems, and can be developed in a cost-effective manner.

6. RESUMES
R. Seemann
Mr, Seemann was born in Stuttgart, West Germsny and emigrated to the United States in 1985. He

has & B.8. in Electronic Engineering from Northrop University and a M.S. in Electronic Engineering from
California State University, Long Beach.




7-10

He is presently the Director, “Technical Staff of the Vice President of Engineering, Northrop
Aircraft Division. Associated with Northrop for 17 years, Mr. Seemann has worked on such diverse flight
control system applications as the F-5 aircraft, the M2-F2 and HL-10 NASA lifting bodies, the X-14B
NASA VSTOL inflight simulator, and the YF-17 and F-18 control systems. Mr. Seemann became associsted
with engine controis technology when working on advanced aircraft designs.

Technical publications include papers on the X-14B control system, the 4 coil electronic interface
concept used on the F/A-18 aircraft and on advanced fly-by-wire actuation systems.

J.L. Lockenour

Mr. Lockenour's career in aerospace began in 1967 upon his graduation from Purdue University with
a B.S. in Aerospace Engineering. Initially he worked for the Rockwell Corporation, Columbus Division,
in aircraft flying qualities. At Rockwell he was involved in criterla development, piloted simulation
studies, and preliminary design. During this period he obtained an M.S. degree from Ohio State
University in sutomatic controls. From 1970 to 1975 he was employed by the USAF Flight Dynamics
Laboratory in its Flight Control Division. There he was responsible for the Variable Stability NT-33A
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Mr. Lockenour was Project Manager of the HIMAT Remotely Piloted Research Program at the NASA Dryden
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1. TURBINE INLET TEMPERATURE LIMIT 20. RICH FUEL FLOW LIMIT FOR AB PILOT LIGHT OPERATION
2. LOWPRESSURE COMPRESSOR/TURBINE RPM LOWER LIMIT 21. LEAN FUEL FLOW LIMIT FOR AB PILOT LIGHT IGNITION
3. LOWPRESSURE COMPRESSOR/TURBINE APM UPPER LIIT 22. LEAN FUEL FLOW LIMIT FOR AB PILOT LIGHT OPERATION
4. LOW PRESSURE COMPRESSOR STALL LIMIT 23. RiCH FUEL FLOW LIMIT FOR AB IGNITION
S. LOW PRESSURE COMPRESSOR OUTPUT PRESSURE UPPER LIMIT 24. RICH FUEL FLOW LIMIT FOR A8 OPERATION
€. LOWPRESSURE COMPRESSOR OUTPUT PRESSURE LOWER LINIT 25. LEAN FUEL FLOW LIMIT FOR AB IGNITION
7. ENGINE BYPASS RATIO (UPPER) LIMIT 26. LEAN FUEL FLOW LIMIT FOR AB DPERATION
8. ENGINE BYPASS RATIO (LOWER) LIMIT 27. MAX MAIN BURNER TEMPERATURE LIMIT o
$. HIGH PRESSURE COMPAESSOR/TURBINE RPM LOWER LIMIT 28. MiN MAIN BUSNER TEMPERATURE LINIT
10 HIGH PRESSURE COMPRESSOR/TURBINE AP UPPER LIMIT 29. MAX MAIN BURNER PRESSURE LIMIT
11. HIGH PRESSURE COMPRESSURE OUTPUT PRESSURE UPPER LIMIT 30. MIN MAIN BURNER PRESSURE LIMIT
12. HIGH PRESSUNE COMPRESSURE OUTPUT PRESSURE LOWER LIMIT 31. MAX AB TEMPERATURE LINIT
13. HIGH PRESSURE COMPRESSUNE OUTPUT TEMPERATURE UPPER LINIT 32. MIN AB TEMPERATURE LIMIT '
14, HIGH PRESSURE COMPRESSURE OUTPUT TEMPERATURE LOWER LIMIT 33. MIN FAN VANE GUIDE ACTUATOR ELECTRICAL YRAVEL LIMIT
15. RICH FUEL FLOW LIMIT FOR MAIN COMBUSTOR IGNITION 34. MAX FAN VANE GUIDE ACTUATOR ELECTRICAL TRAVEL LiMIT
16. RICH FUEL FLOW LINIT FOR MAIN COMBUSTOR OPERATION 35. MIN HPC VARE ACTUATOR MECHANICAL COMMAND LIMIT
17. LEAN FUEL FLOW LIMIT FOR MAIN COMBUSTOR IGHITION 36. MAX HPC VANE ACTUATOR MECHANICAL COMMAND LiNIT
18. LEAN FUEL FLOW LIMIT FOR MAIN COMSUSTOR OPERATION 37. MIN VEN ACTUATOR ELECTRICAL TRAVEL LIMIT '
19. RICH FUEL FLOW LIMIT FOR AB PILOT LIGHT IGNITIOR 38. MAX VEN ACTUATOR ELECTRICAL TRAVEL LINIT

TABLE 2.1 ENGINE CONTROL SYSTEM LIMITS
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LIENS ENTRE LA REGULATION NUMERIQUE DU MOTEUR

ET LES AUTRES FONCTIONS DE L'AVION
par
D. RAMBACH
Ingénieur 2 1la SNECMA - 77550 MOISSY CRAMAYEL
RESUME

La régulation numérique ouvre la porte 3 une plus grande intégration du moteur 2 1l'avion
par le biais de nouveaux dialogues avec le pilote et les autres systimes avions, soit
pour assurer de nouvelles fonctions, soit pour perfectionner les services actuels. Les
domaines vis&s couvrent de meilleures performances, une optimisation plus globale et umne
plus grande facilité de pilotage. Pour cela, il faut faire dialoguer plusieurs systimes.
Plusieurs structures le permettent. Une méthode de choix de structure est proposée pour
conserver 3 chaque systi2me important son autonomie en cas de difficulté et pour toutefois
bénéficier des avantages de l'intégration. Les fonctions sont analysées puis regroupées
en pyramide de fagon 2 respecter une non propagation de panne, L'objectif est de conser-
ver au syst2me iuntégré une organisation compréhensible et maftrisable. Cette organisation,
non optimale, donne la priorité 3 la sécurité d'une part, et 3 un partage des responsa-
bilités sans ambiguité d'autre part.

SOMMAIRE
I - INTRODUCTION
II - INTEGRATION MOTEUR AVION
II - 1 Intérét d'une intégration fonctionnelle
II - ).] La tégulation du moteur
II - 1.2 La maintenance moteur
IT - 1.3 Au-delld du moteur
11 - 2 Modes de régulation intégrés

11 - 3 Description d'un syet@me propulsif intégré
I1I ~ LES CHOIX EN MATIERE D'INTEGRATION

IIT - 1| Les différents types d'intégration

IIT - 2 Les limites de l'intégration fonctionnelle
III - 3 Construction d'un syst2me int&gré

IIT - 4 Principe de la pyramide d'intEgration

IIT - 5 Exemple d'application

I1I - 6 Avantages et inconvénients de la pyramide

IV -~ CONCLUSION

I - INTRODUCTION

Dans un moteur traditionnel, les fonctions de régulation moteur, de surveillance moteur
et de maintenance, &taient bien distinctes, rézlisées par des &quipements séparés. La ré-
gulation assure le ou les débits carburants et la position des organes mobiles A partir
d'équipements hydromécaniques, régulateurs et quelquefois &lectroniques, calculateurs ana-
logiques. La surveillance se limitait 3 des indications pilotes ~ PCA - Tt7 - N2, charge
au pilote d'exercer la surveillance proprement dite. La maintenance se faisait au sol,
par des moyens spécifiques, mallettes, cabines de test, suivant un calendrier programmé
ou en fonction d'anomalier de fonctionnement telles qu'elles pouvaient &tre pergues par
le pilote.

Si les fonctioms régulation, surveillance, maintenmance, &taient distinctes, 3 fortiori
les autres fonctions de 1'avion &taient réalisées quasiment sans lien avec le moteur.

L'introduction de la régulation numérique, rendue indispensable par la complicati-a des
moteurs, incite 2 repenser ces liens, soit parce que la réalisation d'une nouvelle fonction
peut quelquefois @tre limit€e 2 une simple modification de logiciel plutSt qu'd 1'adjonc-
tion d’un nouvel Equipement, soit parce qu'un dialogue numérique permet d’'envisager des
optimisations globales qui auraient &té& trop pénalisantes en analogique.

A titre d'exemple, une régulation numérique redondante implique un systdme sophistiqué
de détection de panne, pour pouvoir automatiquement et trds rapidement commuter d'ur.
voie sur une autre. Cet autotest régulation implique une surveillance moteur qui peu. se
substituer 3 celle exercée par le pilote,

Un autre exemple d'interfdrences entre syst2mes distincts rendus possibles par le numé-
rique, pourrait dtre une modification automatique des lois de régulation en fonction de
ia charge avion,

11 - INTEGRATION MOTEUR AVION
11 - 1. Incérdc d'une intégration fonctionnelle
I1 - 1.1. La régulation du moteur
Ls régulation, pour ses besoins propres, recueille sur le moteur unm ensemble d'infor-

mstions et les traite. Il serait dommage que cen résultats ne soient pas disponibles pour
les dispositifs ayant besoin d'informations moteur. Ceux-ci sont d'une part, la surveil-
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lance en vol du moteur et sa maintenance, d'autre part les autres systémes avions dont en
particulier la navigation et 1'armement.

Nous examinerons ci-dessous quelques cas ol 1'int&r&t d'une intégration fonctionnelle
nous semble manifeste.

La demande du pilote est double. Etre lib&ré de toute surveillamce moteur quand "tout
va bien"; il se crée donc une nouvelle fonction de surveillance automatique. Cette fonc-
tion s'appuie sur une modélisation temps réel embarquée. L'autre demande est de disposer
d'informations précises quand "tout ne va plus bien” et d'un guide de décision (mémento
électronique). Ceci suppose qu'aprés la détection d'une anomalie il y ait une localisation
suffisamment précise de la défaillance et, soit unme reconfiguration automatique avec infor-
mation au pilote (perte redondance, par exemple), soit reconfiguration manuelle avec diag-
nostic en clair au pilote (tube cathodique).

II - 1.2,La maintenance moteur

La maintenance justifie d&s aujourd'hui sur des moteurs existants des &quipements tels
que concentrateur de données (PMUX), compteurs de cycles, etc..... La fonction concentra-
tion de données est en grande partie redondante avec celle de régulation. Les traitements
de ces informations pour les besoins de la maintenance sont trés variables suivant les
utilisations, mais ils peuvent tous utiliser des mesures et des calculs effectués par la
régulation. Sans définir les niveaux de maintenance on peut distinguer quatre niveaux de
"demandeurs"” d'informations qui visent 3 la maintenance du moteur :

- Diagnostic en vol.
- Enregistrement en vol (et dépouillement au sol).
- Tests au sol.

- Gestion centralisée d'un parc de moteurs.

A l'exception peut &tre du premier niveau, ces opé&rations font appel 3 des matériels
spécifiques 2 la maintenance et diffdrent entre eux. Il est par contre possible (et sou-
haitable) que le moteur présente une interface commune 3 ces matériels. Les niveaux de
maintenance &tant de plus en plus informatisés cette interface moteur, elle-méme numérique,
est un périphérique intelligent des moyens de maintenance.

I1 - 1.3.Au-deld du moteur

Avec la pavigation et l'armement on entre dans le domaine de 1'intégration fonctionnelle
proprement dite. D&jAa aujourd'hui des calculateurs comme 1l'automanette, le NI limite,
1'appauvrisseur de tir font des liens entre navigation, tir et moteur. Il est bien &vident
qu'en matidre d'optimisation (nombre de liaisons &lectriques ou &conomies carburant par
exemple) une meilleure répartition doit &tre é&tudiée.

Nous prendrons trois exemples :

- Dans un avion supersonique, les entrfes d'air ont une géométrie variable pour adapter
1'écoulement et obtenir le meilleur rendement d'entr&e d'air. Il s'agit en général d'une
régulation en boucle ouverte ou la position de 1'élément mobile est fomction du Mach.
Prendre en compte le param3tre entrée d'air dans le probléme de commande multivariable
cue constitue déja la régulation ne pourrait qu'améliorer les performances générales.
Cette approche pourrait &tre généralisée aux commandes de vol pour lesquelles la poussée
est un paramdtre essentiel de la dynamique de vol.

- Un autre exemple ol une certaine int&gration est déja un &tat de fait, est celui du
tir. Devant le risque de présence de gaz chaud devant le moteur, le régime de celui-ci
est automatiquement réduit par la régulation pour &viter un risque de décrochage. De
mime, d'autres conditions de mauvaise admission, comme une forte incidence, conduisent
2 une réduction pré&ventive des gaz. Une meilleure connaissance des conditions réelles
d'admission et une action plus modulée, c'est-a-dire moins brutale, pourrait réduire
sinon éliminer des chutes de performances qui peuvent &tre assez génantes pour le pilote.

- Le troisi2me exemple s'appuie dans son vocabulaire sur 1'aviation commerciasle.
Certains avions sont sujourd'hui &quipés d'um F.M.S. (Flight Management System) connecté
3 un T.C.C. (Thrust Control Computer) lui-méme agissant sur une automanette d'une part,
et sur la régulation moteur d'autre part, par l'intermédiaire d'umn P.M.C. (Power Mana-
gement Control). Il y a 13 une multiplicité& de calculateurs et 1'on verra sans doute
rapidement cette chafne se réduire d'au moins une unité, car le moteur sera 2 méme d'étre
directement connecté aux sutres calculateurs.

I1 - 2,Modes de régulation intégrés

La régulation a pour fonction de transformer une demande de poussée (manette des gar)
en une poussfe effective. Pour cela, elle doit assurer un fonctionnement stabilisé en
chaque point du domaine de vol le plus proche possible du point de fonctionnement thermo-
dynamique optimal du moteur, et elle doit sssurer les transitoires les plus brillants
possible en respactant tout un ensemble de contraintes : surchauffe, survitesse, décro-
chage riche, décrochage pauvre, ....... Avec une régulation hydromécanique ou méme &lec-
tronique analogique, il n'était rfaliste que de trouver un mode de régulation "universel”
qui Stait le meilleur compromis. En numérique, il est beaucoup plus envisageable d'avoir
plusieurs modes de régulations.

Certains modes sont des choix internes de ré~ulation du type mode &conomique, dont le
critdre sera de réduire la cousommation de pot.,ntiel moteur ou de carburant, um autre
peut ftre ls mode opposé, "super plus”, qui donmera un surcroft de performance au détriment
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du potentiel, &quivalent aujourd'hui de la surcharge. Il y a &videmment &galement les
modes de secours ou modes dégradés qui seront automatiquement enclenchés en cas de panne.

11 peut y avoir &galement des modes résultant d'une E&tude d'intégration. Il existe d&ja
des régulations d'approche ou régulations de Vi, mais d'autres modes peuvent Etre envi-
sagés. Il y a ceux qui correspondent comme la régulation de Vi, 2 moduler la poussée pour
asservir un paramdtre de vol. C'est en sorte un pilote automatique du moteur. D'autres
modes pourraient rester A3 commande manuelle, mais en modifiant l'interpré&tation de cette
commande. Par exemple, par une action particuliZre sur la manette om pourrait augmenter
8a sensibilité autour du point de fonctionnement, effet de loupe, pour faciliter le vol
en patrouille.

Enfin, certains modes de régulation, y compris le mode normal, peuvent étre personna-
lisés en fonction de 1l'utilisateur et des missions de 1'avion.

I1 - 3,Description d'un syst2me propulsif intégré

Nous avons jusqu'ici employé le terme d'intégration fonctionnelle. C'est pour l'opposer
32 intégration physique. Il nous parait que ce serait une erveur d'envisager l'intégration
comme la réumion de plusieurs petits calculateurs en un seul gros méme si l'intégration
doit permettre de ré&duire le nombre de calculateurs. Sans vouloir redémontrer les risques
et les effets né&fastes d'un seul calculateur central avion, nous avons fait le bilan
analogue au niveau du moteur. Refuser que les calculs se fassent au niveau du moteur
n'empéche pas qu'il serait nécessaire de conditionner et multiplexer les mesures moteurs.
Le boftier qui en résulterait, surtout s'il doit &tre muni d'un coupleur numérique pour
dialogue avec le calculateur central, sera presque aussi important que le culculateur de
régulation autonome et source de beaucoup plus de problemes, en particulier sur le plan
de la sécurité.

Il nous semble donc, qu'd la base et par moteur, il doit y avoir un dispositif (calcu-
lateur numérique) capable d'assurer les fonctions

- de régulation
- de dialogue numérique

- de concentration de doannées.

Un certain nombre d'autres fonctions sont moins attachées au moteur proprement dit,
et couvrent plutét 1l'ensemble du syst2me propulsif, en particulier dans le cas d'un
multimoteur. Il s'agit d'une sorte de superviseur qui effectue des tiches de traitement
et sélection de consignes qui interprdte des informations moteurs et les met en forme
pour d'autres systimes avion. C'est au minimum le coupleur des bns avions. Cette fonction
peut &tre physiquement intégrée au calculateur de ré&gulation, mais elle peut aussi &tre
distincte; nous l'appellerons alors : calculateur de gestion du syst2me propulsif. Cette
structure (cf. Figure 1) permet de distinguer un dialogue interne numérique entre cap-
teurs numériques {(le jour od .....), calculateurs de régulation, calculateurs de gestion
du systdme propulsif, liaison qui doit &tre tr2s slire mais qui peut &tre lente et le
dislogue avion sur le bus rapide choisi par l'avionneur et modifiable selon l'application.

III -~ LES CHOIX EN MATIERE D'INTEGRATION
ITT1 - 1 Différents types d'intégration

Si 1'on consid®re que 1'intégration consiste 2 réunir plusieurs fonctions en une fonc-
tion 2 caract®re plus général , il faut distinguer alors plusieurs types d'intégration
selon 1l'architecture des liaisons physiqueg et cel:: des liaisons fonctionnelles. Nous
citerons comme exemples quelques uns des choix possibles sans chercher 2 les analyser.

- Intégration centra.isée : le maximum de fonctions sont regroupées dams un Equipement
central (cf. Figure 2.1).

~ Intégration "anarchique" : souvent résulte d'apports successi‘s; les liaisons physiques
et fonctionnelles ne coincident pas forcément et les interacticns sont multiples et dés-
ordonnées (cf. Figure 2,2).

~ Intégration physique structurée mais inté&gration fonctivanelle anarchique; les liaisons
physiques sont réduites et semblent coh&rentes mais les dépendances fonctionnelles sont
trds différentes des liaisons physiques (cf. Figure 2.3).

~ Intégration physique et fonctionnelle structurée. Les liaisons physique et foncticnnelle
cofncident et le systdme est tel qu'en cas de perte de certaines fonctions les autres
fonctions restent capables de rendre un minimum de services.

La plupart des grands systdmes d'un avion sont en général considérés comme suffisamment
importants pour que la perte de la fonction correspondante soit difficile 3 admettre,
Chaque syst3me peut alors &tre doté de redondances telles que la probabilité de perte

de la fonction devienne négligeable. Il est s&duisant alors de relier ces systdmes par
un (ou deux) bus numérique "slr" at de s'autoriser alors n'importe quel type d'&change
(intégration type, Figure 2.3). Cette démarche est en principe acceptable, mais tout
risque sur un systime, Eventuellement acceptable pour ce systd¥me, peut 8tre inacceptable
pour un autre. Une telle intégration est donc dangereuse et nous lui préférons une archi-
tecture ou chaque sy t2me réalise une intégration physique et fonctionnelle structurée
(type, Pigure 2.4), les systi¥mes &tant reliés entre eux par une liasison (type bus) mais
n'affectant qu'une partie bien définie de chaque systdme interconnecté (cf. Figure 2.5).
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III - 2, Les limites de 1'int&gration fonctionnelle

La séparation des fonctions &tait la conséquence de deux objectifs :
- Une bonne sécurité.
- Des responsabilités techniques et industrielles claires.

Ces objectifs essentiels pourraient se voir remis en cause par une intégration conduite
sans précautions.

L'intégration est en fait une fagon d'apporter des services supplémentaires mais ces
services ne vont pas dans le sens de la diminution du matériel. Plus de matériel veut dire
plus de pannes et ces paunnes peuvent avoir plus de répercussions. Il doit donc y avoir
une analyse de la sécurit& pour qu'en cas d'incident d'un dispositif complémentaire
(écran cathodique, enregistreur, .....) on ne perde pas une foaction fondamentale (1égu-
lation du moteur, .,...).

La n&€cessité de responsabilités techniques et industrielles claires est &galement fon-
damentale. Il faut que chaque participant 3 un programme puisse s'engager 1 satisfaire
un objectif sans que cet objectif dépende d'un autre participant dont le propre objectif
dépend lui-méme du premier participant. Dans un tel partage chaque participant rejettera
sur 1'autre le maximum de probl2mes et en cas de défaut de fonctionnewent une polémique
sans fin s'engagera. Un cas particulilrement sensible est celui d’un syst2me pour lequel
les responsables fouctionnels, mat&riels et logiciels ne seraient pas confondus.

La limite peut &tre de 1'intégration fonctionnelle est de limiter celle-ci de fagon 2
ce que le maftre d'oeuvre, qui est un homme et non pas une machine, puisse conserver la
compréhension du fonctionnement de son systdwe, de ce qui fait quoi et de qui fait quoi.

III - 3. Construction d'un systdme intégré

La suite et la fin de cet article sera consacrée 3 décrire une méthode de construction
d'un syst2me intégré que nous appellerons par simplification pyramide d'intégration,
P

Cette méthode ne prétend pas découvrir quoi que ce soit de neuf. Elle yeut au contraire
faire comprendre une approche qui n'est sans doute ou du moins nous l'espérons que 1l'ex-
pression du bon sens.

Elle ne se veut pas non plus une méthode d'optimisation car au contraire, elle impose
des contraintes p&nalisantes de facon 3 respecter les limites de 1'intégration fomction-
nelle telles que décrites ci-dessus.

III - 4, Principe de ls pyramide d'intégration

Le principe do ls pyramide d'intégration consiste 2 identifier l'ensemble des fonctions
3 réaliser : fonctions A, B, C, ......2, puis 3 créer une relation de dépendance entre
ces fonctions du type, la fonction D est conmstitufe de la réumion des fouctions A, B et
C. Ces fonctions doivent ensuite &tre associfées 3 leur mode de rfalisation ce qui conduira
3 constater que certaines des fonctions A, B et C peuvent exister seules (A et B par exem-
ple) d'sutres non (C par exemple). On dira alors que A et B sont d'un niveau inférieur 2
C et D et on les représentera comme le montre la Figure 3.1,

L'ensemble des fonctions sera alors architecturé en créant le nombre de niveau néces-
saire et en s'interdisant qu'une fonction d'un certain nivesu dépende de plus d'une fonc-
tion de nivesu immédiatement supérieur. On obtient alors des architectures telles que
représentées dans la Figure 3,2.

La pyramide ne sera satisfaisante que lorsqu’'il sexa possible de démontrer qu'une panne
ae peut pas descendre la pyramide, c'est-2-dire que la perte d'une fouction ne peut pas
sffecter les nivesux inférieurs.

Dans cette décomposition, un mode dégradé est une fonctiom en tant que tel (A ou B par
exemple), et le complément ) ce mode dégradé (C par exewple) une autre fonction. Le mode
sorsal (D par exemple) est bien la réunion de ces modes.

III - 5. Exemple d'application

La #igure 4 comstitue un exemple plus explicite de la pyramide d'intégration. Examinons
le cas de la manette des gar. La manette des gaz représente ls demande de poussée. Celle-
ci est sujourd'bui transmise par un systime de tringlerie et de flexible lourd et source
de nombreuses difficultés. Il serait intéressant de faire plutdt transiter cettes demande
par un bus avion et cela d’sutant plus qu'en cas “"d'intégration” cette demande pilote sera
corrigée par d'sutres systdmes avion. Dans la description de la Pigure 4, la lisison numé-
rique (bus avion) intervient au niveau supérieur de la pyramide (niveau 4). L'information
"manette digitale” est donc utilisée par le calculateur de gestion de la poussée. Eu cas
de perte de cette information les niveaux inférieurs ne doivent pas Stre affectés. Leur
fonction nécessitant une inforwstion manette, i1 est donc obligatoire qu'une autre infor-
mation vienne 3 un nivesu inférieur par exesple au niveau 2, manette $lectrique. Les
fonctions spécifiques 3 1a manette digitale ne peuvent doac qu'appartenir au niveau &,

De l1a méme facon il apparait une fonction au nivesu ! régulacion taschysftrique minimua
qui doit #tre assurfe sdme en cas de perte de ls manette électrique, Il faut alors créer
un troisidme niveau par exemple un manipulateur 2 iwpulsions ou accepter um régime fixe.
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I11 ~ 6. Avantages et inconvénients de la pyramide

Commengons par les inconvénients : La pyramide d'intégration est trds contraignante,
car elle interdit le partage d'une mdme fonction de niveau inférieur par plusieurs fome-
tions de niveau supérieur. De méme, elle interdit, mime si elle est assortie d'une trds
bonne fiabilité, la descente d'une information. C'est une démarche logique et non pas

probabiliste. Elle ne conduit ni vers ume solution unique ni, 3 fortiori, optimale.

Par contre, elle se préte bien 2 une analyse de panne. Elle lie bien les spécifications
fonctionnelles et 1a réalisation mat&rielle. Elle permet d'aboutir 3 des partages (sous-
traitances) sains, c’est-d-dire ol le coopérant est responsable d'un ensemble cohérent.

IV - CONCLUSION

L'utilisation du numérique 2 bord de 1'avion et en particulier dans le cas du woteur,
ouvre la porte 3 de multiples communications qui Eéviteront certaines redondances et sur-
tout qui permettront d'offrir tout un ensemble de nouveaux services.

Le risque, et le moteur y est particulidrement sensible, est que pour faire un peu
mieux, on aboutisse 3 un syst3me si interdépendant qu'il ne garantisse plus la sécurité.
I1 nous semble donc qu'au moins pour les grandes fonctions de l'avion, il est indispen-
sable de s'imposer qu'en cas d'incident, quitte 2 perdre des services supplémentaires,
le systime revienne automatiquement 2 deas fonctions de base, bien indépendantes sans
possibilité de propagation de panne. Ceci veut dire que chaque systdme est congu et réa-
lisé& comme un systime indépendant aux ordres du pilote et que l'int&gration fonctionnelle
se superpose pour augmenter les performances et diminuer la charge de travail du pilote.

o CEER ALK By 4z 3 45,
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SUMMARY

Three aspects of integration are examined in which the Powerplant Control System
can be integrated with the Aircraft Systems to provide mutual benefits. It is shown
how the Powerplant Control System can be progressively integrated into the aircraft
systems architecture by means of a distributed computing system for Utility Systems
Management. A number of benefits can be expected as a result but, more importantly,
the Powerplant Control System is shown to be a candidate for further improvement as a
result of the integration and the ready availability of off-take load related data.
Finally some of the advantages of integration with Flight Control are discussed. :éL

INTRODUCTION

Work in the area of Utility Systems Management for future aircraft conducted at
British Aerospace, Warton has led to the adoption of a control system architecture
based on Digital Computing and Multiplex Data Busses. The system avolved has enabled
the base mechanical functions of the alrcraft: Fuel System, Hydraulie Systenms,
Environmental Control and Secondary Power Control, etc to be successfully integrated
into the Avionic architecture which includes high technology cockpit displays and
controls essential for the reduction of pilot workload in complex weapon systems.

The system can be shown to be suitable for allowing the introduction of Powerplant
Control Systems into the aircraft in such a way as to retain the required integrity,
allow intercommunication with other systems, and, importantly, to allow a gradual
increase in technology from current day analogue powerplant control systems to fully
integrated digital systems with minimum disturpance to the overall aircraft programme.

In addition the use of sophisticated digital systems allows more data to be made
available which can be used to the mutual benefit of the integrated systems. Since the
aircraft manufacturer is constantly Seeking improvements to the weapon system in order
to make his product more competitive integration is seen as an important tool to
achieve performance benefits. Once integrated into this structure the Powerplant
Control System becomes a candidate for similar potential benefits,

FUTURE AIRCRAFT REQUIREMENTS

For future combat aircraft there is pressure to achieve better manoeuvrability
under combat conditions, and the generation of projects aimed at providing Vertical
Take Off and Landing (VTOL) or Short Take Off and Vertical Landing (STOVL) capability
collectively provide additional challenges to the control system designer. As well as
improvement in combat handling there is a need to improve the overall aircraft
performance by using lighter materials to reduce airframe weight and by improving
engine performance over the aircraft flight envelope.

In addition the increased power load resulting from a large avionic equipment fit
and the demands for high rate control surface movementa lead to a need for high power
offtakes with transient demands. This can reault in problems with maintaining optimum
continued engine operation throughout the flight envelope.

Adrcraft which use thrust to provide manosuvre contiol, either for take off and
landing or for combat manoeuvre h t, d d a degree of integration of control
that has hitherto not been considered. In this type of aircraft espscially the pilot
will expect to achieve carefree handling of both airoraft and engine in al’ regimes of
flight with minimum workload.

ASPECTS OF INTEGRATION

Integration is evident in many areas of the modern aircraft project proposal,
particularly in Avionics, where the Data Bus is utilised as a major integrating medium
for functional components of the system. The data bus and the emergence of readily
available digital computing elements has given impetus to the integration of sechanical
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systems into the avionic structure. These mechanical systems include the aircraft
Utility Systems and the Powerplant Control Systenm.

Integration in the area of Powerplant Control can take a number of forms :
1. Integration of Powerplant Control with the Powerplant.

2. Integration of Powerplant Control and Flight Control.

3. Integration of Powerplant Control and Aircraft Systems.

Each aspect has its own advantages and disadvantages and in each case the
mechanism of integration differs.

In 1. integration of the Powerplant Control system with the Powerplant itself
ultimately consists of mounting the control unit on the engine, incorporating the
various pneumatic sensors into the package, and simplifying the Hydromechanical
components by the use of suitable algorithmic techniques. This method can offer
significant cost, weight and complexity reductions depending on the degree of
integration that can be tolerated. However, with modern high speed aircraft the means
of providing sufficient cooling to obtain the requisite reliability targets poses a
significant obstacle to immediate application (1).

In 2. the integration of Flight Control and Powerplant Control is achieved by
appropriate exchange of information between the systems. Information exchange can be
provided by data bus links or direct connections and further integration can be
provided at the man-machine interface by suitable design of controls : Throttle Box and
Control Column.

Integration of the systems is seen as a method of achieving benefits in the areas
of pilot workload reduction and weapon system performance improvement.

In 3. the powerplant control system and the aircraft systems can be integrated
using the data bus as a suitable medium for information exchange, enabling an
interaction between systems for mutual benefits,

It is this latter aspect of integration that will be further discussed in this
paper. However it is likely that future aircraft will be designed to encompass the
advantages of all 3 aspects.

The mechanism for integration of the powerplant and the aircraft will be based
upon a system for control of the aircraft Utility Systems which is based upon extensive
use of digital data transmission systems (2).

UTILITY SYSTEMS

The Utility Systems of the aircraft have been classified as those relating to the
base mechanical functions such as Fuel Gauging and Man t, Envir tal Control,
Hydraulics, Secondary Power, etc. Work conducted at British Aerospace, Warton has led
to the proposal of an Integrated Computing System operating on a standard multiplex
data bus as shown in Figure 1.

In this diagram the Utility Systems Management Processors perform the tasks of :

. Data Acquisition from connected sub-system sensors.
. Performance of control and self test algorithms.
. Control of Power to connected sub-system loads.

The Processors form a link to other data bus systems on the aircraft and provide a
means of interfacing the essentially individual hanical ] ts and elements of
control into an aireraft architecture based on serial digital data transmission and
using sophisticated techniques for information presentation in the cockpit.

The interconnection of aircraft data busses enables data to be transferred between
major system blocks eg Flight Control, Avionics, Cockpit, Weapons, etc whilst retaining
adequate separation of systems to allow the application of well proven methods of
procurement and testing.

i« s e o
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F1G. 1. UTILITY SYSTEMS MANAGEMENT

PROGRESSIVE INTEGRATION OF POWERPLANT CONTROL

Since the majority of the constituent systems of Utility Systems Management are
essential to the continued and safe operation of the aircraft Utility Systems
Management provides a sound basis for the integration of Powerplant Control into the
airframe system architecture in such a way that progressive changes to accommodate

technology improvement and increasing integration can be achieved with minimum
disturbance to the systems configuration.

In Figure 2a, for example, an analogue Powerplant Control System is shown
connected to the Utility Systems Management Processors in such a way as to use the

analogue and discrete interfaces to provide a means of integrating with a ditital
airoraft system.

The provision of spare stub coupling units on the data bus will allow a full
digital control system with the appropriate remote terminal hardware to be connected to
the utility Systems Data Bus. This digital control unit can be either airframe or

engine mounted depending on the size and complexity of the unit and the likely
operating environment of the aircraft (1).

In this way the aircraft manufacturer can design a project configuration to
minimise development risk by selecting current technology for engine control, whilst
allowing the option of progressive updating at minimum incremental cost. For example
one can update from airframe mounted analogue to airframe mounted digital to engine

mounted digital with minimum change to wiring as illustrated in Figure 2 a, b and ¢
respectively.
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FIG. 2a, INTEGRATION OF AN ANALOGUE POWERPLANT CONTROL SYSTEM

In Figure 2a an analogue engine control system 4is shown which comprises a
Powerplant Control Unit and a number of ancillary units. These items are connected to
the engine by a large number of wires. To provide an interface with a data bus type
system implementation the items need to be connected to Utility Systems Management with
a similarly large number of wires.

Figure 2b shows a system in which the functions of the ancillary units are
integrated into a single Powerplant Control Unit.

This retains the analogue, hard wired connections to the engine, but can be
connected to Utility Systems Management in conventional analogue fashion (shown in
broken lines at "a") or alternatively, and preferably, using the stubs onto the Utility
Systems data bus (shown at "b".).

In the diagram the distance "d" represents the distance between the powerplant
connector interface with the airframe and the Powerplant Control Unit. This wiring
represents a weight penalty of approximately 2 Kg/m which can be reduced by locating
the Powerplant Control Unit close to the engine. In Figure 2¢ the Control Unit is
shown integrated with the Powerplant, thereby reducing the majority of the data
exchanges to the Utility Systems Data Bus connection.

Purther integration and the use of digital techniques has been shown to allow a
significant asimplification of the engine hydromechanical components with consequent
reduction in weight and cost (1).

BENEFITS

The benefits of even this limited amount of integration are significant in terms
of the flexibility allowed to the airframe designer in his freedom to make early design
dacisions, whilst allowing for technology improvements with little capital investment
at the beginning of the project.
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Available also are the benefits accruing from integration - those associated with
weight, cost and performance configuration (1).

* Weight Reduction - resulting from reduction in wiring and connectors on the
airframe and from simplification of hydromechanical components on the
engine. This has been estimated to save 170 Kg for one particular
cont'iguration (1).

# Wiring Reduction - mainly arising from mounting the electronic control hardware
on the engine and continuing the data bus connection across the
engine/airframe interface. This has been estimated to reduce the number of
individual wires connecting the airframe to the powerplant wiring by a
factor of 15 (1),

®  Cost Reduction - arising from the simplification of hydromechanical components
which currently contain many complex casting and machining operations in
their manufacture.

® Maintenance - improvements are expected from the ability to communicate with a
sophisticated Maintenance Monitoring System which will reduce diagnostic
time. Simplification of fuel system components should result in reduced
potential for wear and manufacturing error with consequent reduction of the
rieed for adjustments, a reduction in engine running hours, and, as a direct
result of improved reliability a reduction in the need to remove components
with long change times.

# Development Flexibility - arising from the ability to gain access to pre-set
datum values in the control system by means of data entry devices eg the
cockpit keyboards or Maintenance Data Panel Keyboard. This means of
changing datum values with the control system hardware in situ can reduce
engine change time, particularly If values need to be changed during engine
runs.

* Reliability - improvements resulting from a simplification in the engine fuel
system components, This combined with improved electronics and sensors has
been estimated to provide a § fold improvement in MTBF (3).

% safety - reduced probability of consequential hazardous effects following
single engine faflures by use of a suitable automatic aircraft load shedding
routine.

DEVELOPMENT OF THE INTEGRATED SYSTEM

The integration of the Powerplant and its control system into the aircraft Utility
Systems architecture enables the system designer to take advantage of data within the
system or to envisage data that can now be made available to improve his overall system
design.

For example it is possible to obtain information about the power offtake load
taken from the engine by inspection of the pilot’s actions, the Utility Sub-systems and
the Avionic Systems during the course of a mission.

Monitoring of pilot selections and Avionic Equipment mode selections, together
with its own knowledge of internal control functions leading to automatic load
selections allows USM to continuocusly monitor the state of connected electrical loads.

As an example, consider the system shown in Figure 3 which is representative of a
typical combat aircraft total system fit - Avionics, Weapon Systems, Countermeasures,
Radar, Utilities etc. Fach of these sub.system classes will contaln loads which vary,
either continuously or discretely, thus presenting either smooth variations or step
changes in connected load. Examples of this latter mode of operation are De-Icing or
Electronic Countermeasures which impose large step electrical loads at certain stages
in the mission according to atmospheric conditions or mission requirements.

On current powerplant installations it has not been practical to measure offtake
shaft torque, therefore the operation of engine Bleed Valves, for example, is usually
scheduled with altitude and airspeed but cannot be modified by offtake power. As a
result it is often the case that the bleed valves are opened at a fixed point in the
flight envelope, which leads to an unnecessary restriction in engine power by premature
air bleed selection. Utility Systems Management, with its access to all systems
connected to data busses, can obtain information related to mode selections and pilot
selections as well as automatic operations that can be used to determine a sufficiently
accurate estimate of total connected load throughout the misston. This can, in turn,
be used by the Engine Control System to modify fuel flow or bleed valve schedules as
necessary. This transfer of information is shown diagramatically in Figure 4.




B i T T ——

LI

9.7
J waarons |courrzameasoncs FLIGHT CONTSOL
l l | 1 AVIOPICS DATA BUS
vsn
DATA B3OS J
[[X. 3"
KNGINE SYART/IGAITION NARAGEWENT AIR STSTEM eROTECTION cockriv
m::g ‘m‘u’ng‘h | SNTEMACISC 4D Wor1TORING u:.:’xgﬂwmxn
~8KID COFTROL WD INDICATIONS XY POWEL COOLING
FTORAULIC CorTRoL Ak Trbicatioes b
R ManscomENT CXTERRAL LIGHTS
FURL CATGERG WD LEVE MNSING PROSE MEATING
GABIN TOWILATINL CONTIOL GISERATION ISTERFACES
Y COOLING INTAXE DR-1CI
COOLINT STaTEn CoRTRaL FLIGHT REFUELLING PROSE
FIG. 3. EXAMPLE OF AN INTEGRATED AVIONIC SYSTEM
GONNECTED Srgre,
' /D /@
1 e Load
Identitier
h-P © Assign vaive toLoad
2P;
Ty © Sum sl Load valves
t(ZR) * Output Dete
Powerpiant o Modity Blesd Veive
Control Schedule
ﬂ s Command Output
FIG. 4, FLOW DIAGRAM FOR CONNECTED LOAD DATA
A




e —— ——— ol

‘.

9-8

The connected systems 1, 2, ?, 4.....N are assigned an Identifier I. (i = t.....N)
which is received by Utility Systems Management from each connected equibment when that
equipment is considered to be ON or in an active condition. Some equipments may
require more than one identifier to indicate which mode they are selected to if mode
selection significantly affects their load characteristics. Utility Systems Management
assigns, for each I,, a load value P,, which is calculated to take into account the
nature of the load %nd its effect on the generation system. This calculation will
include Load Power, Reactance, Nature - continuous or intermittent, and may be entered
into a look-up table in the Utility Svstems Management software.

Utility Systems will then calculate .e sum of all connected loads, LP. and output
a data value to Powerplant Control which is a function of total connedted load -
f(XPi). This total can be made to represent air bleed and hydraulic offtake demands as
well” as electrical loads. The powerplant Control System will then use this data to
perform whatever functions are required to maintain efficient engine operatirz
conditions in the presence of the connected loads and other external conditions. This
action may involve operation of Bleed valve, scheduling of Inlet Guide Vane position,
or modulation of Fuel Flow.

This same information can be used in a "Load Management™ function to perform a
selective load shedding action in the Single Engine failure case : Rapid, automatic
load shedding can reduce the impact of the transfer of offtake load to the remaining
engine.

As a result of this action the following additional benefits can be expected :

* Fuel Savings -~ resulting from the use of system data to optimise engine control
laws both at the design stage and also continuously during engine operation.

* Performance Benefit - resulting from the ability to design the engine and its
control system laws to take advantage of a knowledge of connected offtake
loads and to protect the engine from the effects of sudden changes in load
and hence maximise the useful flight envelope.

FLIGHT CONTROL INTEGRATION

Aerodynamic and configuration studies carried out at Warton have shown that
integration of flight control and powerplant vectored thrust operation is essential in
situations where aerodynamic control surfaces have little effect, eg Ultra Short Take
Off, Hover, Vertical Landing and, to some extent, in Post Stall Manoceuvring. It is
achieved by arranging for the flight control system to demand changes in the magnitude
and direction of the thrust vector(s) in a co-ordinated fashion in response to pilot
demands utilising stick, peda)l and nozzle deflection control with appropriate control
functions. Combat manoeuvrability can be similarly enhanced, and engine handling
should be improved in poor intake airflow conditions, eg very high incidence.

Independent manual flight and engine control in all flight modes is only practical
on aireraft such as the Harrier because of the simple nozzle vectoring system {rotation
in one plane). Even in this case the low speed operation is at the expense of a high
pilot workload requiring the use of five independent controls. Separation of flight
control and powerplant control is expected to result in an unacceptably high pilot
workload in future aircraft employing thrust vectoring in more than one plane. Some
attractive configurations may well then be brought into practical consideration by
judicious blending of automatic and manual control eg twin engine, tilting nacelles
with deflecting nozzles operating in two planes.

Preliminary aerodynamic studies and simulation work have shown, however, that even
aircraft with these particularly severe control requirements can be confidently
proposed (4).

For future projects it is expected that data exchanges between Flight Control and
Powerplant Control Systems will allow the aircraft to be handled equally confidently in
combat as in the transition from airborne to jet-borne flight.

Work is in progress at British Aerospace in conjunction with Rolls-Royce to
further examine the aspects of tightly integrated systems. This work will be supported
by extensive simulation activity with models of various engine and airframe
configurations aimed particularly at Advanced STOVL aircraft.

The integrity aspects of the Powerplant Control System are receiving attention
particularly with regard to providing fault tolerant artchitectures with emphasis on
use in integrated systems (5).
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CONCLUSIONS

Data is available in Utility Systems Management which can be used to obtain an
accurate indication of total offtake load and can be used to allow prediction of
increased demand. This information can be used to allow the engine to operate with
more precise control of air bleed valves to obtain better control of thrust throughout

the flight envelope.

The current implementation of Utility Systems Management can be used to obtain the
requisite information and perform the calculations provided that the information is
made available in the connected systems.

The ideal, totally integrated aystem is shown in Figure 2c in which an engine
mounted, twin lane, fault tolerant powerplant control system .s connected by data bus
to a Utility Systems Management System for intercommunica._... 4ith aireraft systems and
flight control with a directly connected thrust demand unit.

This system configuration allows full interaction between the Powerplant Control
System and the airframe systems using the data bus, on which data interactions can be
used to the mutual benefit of all systems.

The potential benefits are summarised in Figure 5 which shows from which aspect of
integration they are derived.

* Maintenance Improvement
* Safety Improvement
* PFuel Savings

* Development Flaxibility

Control

Weight Reduction

Cost Reduction

¥iring Reduction
Maintenance Improvement
Increased Reliability
Safety Improvement

Puel Savings
Development Flexibility

* Overall Performance Improvement
especially STOVL, VSTOL

.
.
.
.
.
.
.

.

FIG. 5. POTENTIAL BENEFITS OF VARIOUS ASPECTS OF INTEGRATION
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SUMMARY

ﬁg}he paper describes the architecture and construction of the system being applied
to the Pegasus engine and aimed at the AVSBB application. The system's architecture was
particularly determined by the requirements of a single engined VSTOL ajircraft. It is
essentially a dual-dual system. This architecture was chosen to provide reliable and
positive detection of failure with rapid reaction and no degradation of performance.
The paper discusses the likely extension of this system to the control of plenum
chamber burning (PCB).

The system includes a data bus terminal in each lane of the system. This provides
a communication path between the engine control and EMC system in the aircraft. A
simi lar terminal could provide a path through which the operation of the flight control,
the weapon control and the engine control systems could be integrated. This integration
is required because of interaction between the operation of the engine and the release
weapons, the attitude of the aircraft and the mechanics of these interactions and the
principles employed in the mitigation of their ettects.;e

1.0 INTRODUCTION

This paper addresses the particular case of VSTOL aircraft using vectored thrust.
DSIC has supplied a FADEC for flight evaluations on a Pegasus engine in a single
gseat, single engined Harrier VTOL aircraft. (1), (2), (3), (4). This flight
demonstrator system (5) is described initially followed by the definitive system
currently being designed and built. The definitive system is aimed at the AVSB
application of the Pegasus engine.

2.0 THE PRESENT SYSTEM

The present engine control system on the Pegasus engine (6) is a hydromechanical
control, with an electronic temperature limiter, and has an emergency system
fitted. The emergency system is required because any failure in the engine
control itself which leads to loss of thrust or engine shut-down would have a
catastrophic effect for the aircraft. The emergency system was fitted with the
control from the first flight and, as yet, no accident of the aircraft has been
attributed to control failure.

The emergency system itself is very simple. The control of the engine is by
modulation of a valve coupled to the shut-off valve and directly operated by the
pilots lever as shown in Figure 1. A changeover valve by-p and di cts
the main metering valve in order to engage the emergency system. It also
disconnects the limiter by-pass valve and back-flow is prevented by a check valve
in the downstream line from the metering valve delivery. In normal operation the
shut-off valve is fully open and the sanual flow control is therefore set to a
flow determined by the lever position. For changeover from the normal operation
to emergency operation the manual flow control is returned to the idle atop by
means of the pilot's lever and the changeover valve is operated by means of a
switched solenoid. Once the changeover valve has moved to the emergency position
then the throttle lever can be advanced to an appropriate thrust setting. This
procedure is required in order to prevent surge were the changeover valve to
operate while the manual flow control was selecting a high flow.

Pigure 2 shows the block diagram for the system with the changeover selection from
normal operation using the hydromechanical control plus temperature limiter to the
manual flow control operation. The electronic limiter has a multiple datum
selection and muting switch.

The noczle setting is commanded from a separate lever in the cockpit and is
positioned by an independent follow-up servo.

v .
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DEMONSTRATOR SYSTEM

The demonstrator system is shown in Pigure 3. It uses two electronic control
lanes, one of full capability and one of reduced capability. The system normally
operates using the main digital electronic control but switches automatically to
the emergency control when the main electronics fails. The predicted probability
of both the electronic controls failing is very much lower than the probability of
failure of the hydromechanical control which they replace. Frequency of reversion
to the manual flow control should therefore be lower than with the existing system
but, for safety, the manual flow control was retained. The main areas of interest
in the design were the definition of the capability of the partial control lane
and of the production configuration.

The system comprises two major compounents as shown tn Figure 4. The hydromechanical
section 1s adapted from the current system. As shown in Figure 5 it retains the
same basic hydromechanical circuit schematic as the existing system.

However, an electro-hydraulic interface is provided with the fuel metering valve
which allows either of the two electronic control lanes to position the valve
through a stepper motor interface. The electro-hydraulic interface includes a
mechancial P3 multiplier and the electrical command to the system is for WF/P3
(fuel flow divided by CDP).

The mechanical reversionary system is unchanged.
INSTALLATION

The electronic module shown in Figure 4 is engine mounted, being carried, as
illustrated in Figure 6, by a frame cantilevered from the hydromechanical module.
It is vibration isolated and fuel cooled as a single unit and the electronics are
withdrawn as a single block.

The environment in which the control system is located is extremely hostile. Bay

temperatures of up to 150°C can occur for short periods after shut-down, while

heat is soaking from the engine into the engine bay. In normal operation, the -
fuel temperature used for cooling is low, but it can peak to temperatures above 80°C

for fairly long periods during some types of operation.

The main area of attention in this design is keeping good thermal paths between
the components themselves and the coolant. Particular attention has been given to
areas of metal contact within the design of the unit and the therma! washers and
gaskets are used in order to secure low thermal impedances at critical points in
the design.

The method of assembly, illustrated in Pigure 7, uses metal frames which carry
pairs of circuit boards. Each board has a copper facing which runs under the
components and is clamped between the board and the frame. The frame itself is
clamped to the case through which fuel ciruclates. The fuel passage lies
immediately below the shoulder on which the frame is clamped. This arrangement
provides the minimum number of interfaces and the shortest possible path between
individual components and the fuel. The frame also stiffens the whole assembly
and improves its mechanical integrity.

The front section of the case forms an enclosure behind the comnnectors. EMNC
filters are mounted on & bulkhead at the back of this enclosure.

The power supply is installed in a second enclosed volume on one side of the
unit. This arrangement provides two benefits. Pirst, it excludes from the main
electronics compartment interference generated by the switching regulators in the
power supply. Secondly it allows high dissipation components to be mounted
directly on the case.

Figure 8 shows one of the demonstrator units opened and the modules separated to
expose all components. The wiring shown ig strictly & feature of the prototype
construction. PFlexible film wiring would be used in production.

CONTROL LAWS AND PERPORMANCE

Figure 9 shows the control functions provided by the system. Water modulation is
an optional feature.

The control laws provide for steady state control of thrust by governing the fan
speed. A range of ratings is used to permit short lift and "wet” engine operation
in vertical 11ft operation. Rating selection is made automatically by logic using
several state signals defining configuration and operating mode. Similar logic
selects one of up to 7 datums for the T6 limiter. Additional protection for the
engine is provided by a non-dimensional NH limiter.
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The system provides full transient control during acceleration and deceleration to
avold compressor surge or flame-out respectively. The system provides automatic
starting and transient reduction of fuel flow during weapon release to avoid gun-
gas ingestion.

The system uses conventional low and high error selection gates to ensure that the
correct control loop is closed onto the engine at any time.

SAFETY & MONITORING

The system provides automatic failure detection and response to failure. Where
failure is detected the stepper motor drive is inhibited, the output is, therefore,
frozen and the signal line to a changeover relay is activated. This relay sets in
train the necessary actions to effect reversion to whichever system is next to be
used.

The main control lane uses dual microprocessors which are cross-compared to
provide very high fault coverage. Most inputs are either dual redundant or, as do
resglvers. have dual outputs which can be compared using an algorithm such as

8in® + cos® = 1, The engine speed signals can be compared by using known
relationships between HP and LP shaft speeds. The only input variable not
mopitorable by comparison is the T6 signa)l genmerated by an B8-thermocouple harness.
Individual couple failures only result in inaccuracy.

The outputs are monitored by posjtion pick-offs driven by the stepper motor. A
failure in either the motor or the pick-off is immediately detectable. In effect,
the main lane is a duplex sub-system with very high failure detection probability.

The emergency electronic control uses a gingle microprossesor, single semsors, and
software monitoring. This was considered adequate with pre-flight checks on each
flight and its being called into use only after the main lane had failed.

Attitude control, as well as lift in vertical flight depends upon the engine.
Furthermore, there is no store of energy, such as the rotor in & helicopter, which
can be drawn on in an emergency. Neither is it possible to recover aerodynamic
control without great loss of height. It follows that the major design objective
is that a firset electronic failure be detected with very high confidence and that
control be restored rapidly and automatically in response to that detection of
failure. This, the system is desigrned to achieve.

The demonstrator system has been evaluated over the full flight envelope of the
Harrier, including tests in hovering flight.

DEFINITIVE SYSTEM

The demonstrator system for Pegasus uses one and a half lanes of electronics. The
complexity of the reversionary lane depends on the amount of capability required
to be retained after a failure in the main electronics control. In principle, the
inputs to the partial lane can be reduced to two and the monitoring of the partial
lane can be eliminated completely. Various increasing levels of complexity and
sophistication are possible from this base depending upon the degree of capability
required to be retained after the first fajlure. However, retention of mission
capability after a first failure and simplified logistics led to the selection of
a system using two identical lanes for the definitive system. (Figures 10 and 11}1).

It uses the same basic methods of procedure as the Demoustrator system but is
adapted to use two extended "main" lane controllers in place of the two dissimilar
lanes. It embodies two relevant additions to the Demonstrator system. The first
of these is a digital data bus interference for communication with other equipment
in the aircraft. The second is the addition of an angle of attack input. This is
used to reset the control to allow for the reduced surge margins experienced at
high incidence. The construction of the system is similar to that described for
the demonstrator.

In the loanger term, exteansive development of the systes can be envisaged to match
the expected progress in VSTOL aircraft design and operation. It is expected that
supersonic versions of this type of aircraft will be designed and built (7). Such
aircraft will probably embody plenum chamber burning (PCB). This corresponds to
an augmentor system in conventional turbo~fan and turbo-jet engines and provides a
significant increase in thrust. The addition of this feature to the engine,
giving supersonic capability to the aircraft, will require extensions of the
control capability in the future. The control requirements for PCB are similar to
those used by DSIC in the control of P830 and Adour engines (8) and (9).
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PCB control is essentially the same as a two gutter augmeantor system. The dry
engine system will require the additions shown in Figure 12. A variable nozzle is
required and two metered fuel flows could be involved. The control laws used
would be similar to those for normal augmentors with a pressure ratio control of
nozzle area and non-dimensional schedules of fuel flow.

Changes required of the system will, typically, be the addition of one input
variable and three output channels to each lane. Complete duplication will be
mandatory if PCB is used in jet-borne STOVL flight.

Both the demonstrator system and the definitive system use the existing nozzle
control and variable guide-vane control as the standard engine. Both also have
the same type of hydromechanical emergency system as the existing fuel control.
However, the definitive system uses repackaged hydromechanics with the electronics
mounted separately on the fan case. The new configuration uses the same drives
and mounting points as the existing system but exhibits a significant reduction in
weight and complexity.

FLIGHT CONTROL/ENGINE CONTROL INTERACTION

There are many manifestations of interaction between the airframe and the power
plant operating states. They occur both in conventional wing-borne flight and in
Jet-powered hover and are both static and dynamic. They all reduce to changes in
the net aerodynamic force vector on the aircraft and to changes in its pitching
moment.

Eccles et al (10), reporting work on this topic conducted by Dowty Group and
Smiths Industries in 1974, identified the following as candidate applications for
integration of flight control and engine control in VSTOL aircraft.

a. matching nozzle angle to flight condition

b. offsetting changes in static margin fcllowing stores release, configuration
changes or fuel burn

c. increase in permitted c.g. range

d. transient increases in normal force during turning manoeuvres

e. cancellation of transient 1ift-loss following positive pitch demands

f. improved turn performance when entered from speeds well above the optimum and

when emergency loss is not important

g- simplification of pilot controls in the pitch plane through non-interacting
control of forward and vertical speed

h. reduction in trim flows bled from the engine to the reaction controls in hover.

Significant returns in overall performance were predicted for maay of these
features.

The Pegasus definitive system already provides for three other interactions:-

a. transjent reduction of fuel flow to prevent engine surge following release of
misstlies or discharge of guns

b. compensation for reduced engine surge margln‘lclused by inlet distortion at
high angles of attack

c. dynamic compensation for the effects on thrust of the engine bleed required
for the reaction control of attitude i the hover.

Each of these three functions is proper to the engine control itself and responds
to signals derived from the aircraft state. Some of the other interactions may be
located in the flight control system (FC8) rather than the engine control system
(EC8) proper. :

A clear thruet example of the latter s the determination of the best combinations
of thrust and nosszle angle for any particular manoceuvre. These can be defined by

mpping techniques entered from the demanded thrust vector determined by PC8. The
PC8 could then command the engine power and the nozzle in an open loop fashion.

In the absence of a direct meausre of thrust, this simple arrangement will be
sensitive to changes in engine performsnce. It may be preferable to place them
within a closed loop coatrol of flight path. However, the principle that the PFCS
indpendently commands the nozzles and engine power remains true.
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The mapping technique is essentially one which is static or quasi-static. Por
dynamic interaction it may be less easy to identify where best the coatrol should
be located.

For instance, in configurations using "hot'" and "cold" nozzles, differential

nozzle modulation would produce a static pithcing moment which could be used to
trim the ajrcraft and reduce the bleed taken to the reactioa controls from the
engine. It is questionable whether this control should be direct from the ECS,
where the other bleed effects are handled, or indirectly via the FCS8. A compromise
solution would be to permit a limited authority differential nozzle trim and

thrust reset to be commanded by the ECS with the prime control from the PCS. The
purpose of this discussion is not to advocate the use of differential nozzle
operation in order to reduce bleed but to explore the implication of the
possibility. The method chosen might also be used to reset static margin following
configuration changes, or weapon release.

All jet powered VSTOL aircraft do not benefit from the positive ground effects
experienced by helicopters. Indeed, the effects of re-ingestion can result in a
negative ground effect with thrust reducing as the aircraft approaches touch-down
and the re-ingestion effect is amplified. This effect could be alleviated by &
simple addition to the ECS which would increase the demanded thrust before touch
down in response to some height determining input. The same function could
alternatively be located in the FCS and operate on the engine power demand. The
major factors affecting the choice would be the severity of the effect and the
general redundancy philosophy of the aircraft. A determining factor would be the
need for the function combined with an ability to land the aircraft in some
emergency mode with the full FCS inoperative.

Aircratft with positive static margin require an increase in downwards lift on the
horizontal stabiliser in order to increase the pitch attitude of the aircraft. This
results in a transient "sinking" effect immediately prior to generating the desired
pitch rate. This effect could be removed by a combined downwards nozzle deflection
and compensating thrust increase which restore the total aerodynamic force to its
value prior to the application of the pitch command. This effect is analogous to
the use, in a helicopter engine control, of collective pitch as an anticipatory
gsignal to generate an immediate engine responses to rotor load and avoid the
transient loss of rotor speed which is inevitable with a conventional rotor speed
governor.

This now raises the imssue of the form of the interface between the FCS and the ECS.
It could take the form of an autothrottle. If so, the response of the servo aight
be too slow satisfactorily to operate in the anticipatory mode. The choice tis
then either to by-pass the conventional power lever by a fast-acting limited
authority trim command generated by the FCS or to feed the elevator sigmals to the
ECS in the same way as is collective pitch in a helicopter engine control. The
elevator signal used may originate in the FCS8. The issue involved lies in the
responsibility for the dynamic response of the arrangement and will probably
determine that it liea within the FCS, the elevator signal being shaped to produce
best aircraft performance. The ECS would incorporate a protective filter against
fault conditione in the command.

A further practical reason for supporting this outcome is the difference ia
development timescales between engine and airframe. Engine development normally
starts well ahead of airframe development and the definition of the relationship
between elevator demand and tbhurst vector response is only likely to occur late in
the engine control development history. Changes to engine control software at this
stage would be undesirable whereas no such problem would occur were the changes to
the implemented in the PCS where control development is probably still in process.

Direct control of thrust will not be possible if the aircraft uses noan-interactiag

control of forward and vertical speed. There sill be no place for an a'.tothrottle

in this type of operation and an entirely electrically thrust command ‘ncorporating
the pitch anticipation term would be transmitted from the FSC to the EUS.

At fixed fan speed the operating of PCB in a Pegasus type of engine iacreases the
thurst from the front ("cold") nozzles without changing the thrust from the rear
nozzles. The result, unless the nozzle thrust lines all pass through the aircraft
¢.g-, 18 a change in pitching moment which must be offset either by coordinatiag
setting of PCB and fan speed or by a change in longitudinal trim controls. The
trim control will be on the elevator in conventional flight and on reaction nozzle
flows in hover. The triam control adjustment may be initiated in one of at least
three ways:~

.. by the command to the PCB control
b. by the PCB coatrol output

c. by the aircraft response to the PCB pitching moment.
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Considering each in turn it is seen that alternative (c) has slower reponse than
either (a) or (b) while alternative (a) may anticipate a thrust change which does
not occur. Alternative (b) introduces a data feed from ECS to PCS8 with the
minimum data cootent that PCB is 1it and hence the data path between the FCS and
BC8 will be bi-directional and may need & data rate appropriate to the PCB
modulation bandwidth.

Other engine state signals will need to be commnicated to the FCS. The actual
engine thrust may depart froam the expectations of the FCS because of the operation
on the eongine of some protective limiter such as a non-dimensional speed or a
turbine blade temperature limit. The engine control ceases to behave in a linear
fashior and the FCS can only fuactiom correctly if the existence of a fixed thrust
condition is signalled to it. There is, therefore, a peed to transmit to the FCS
a range of informmtion on the operating state and the controlling loop in the ECS.

This "reverse'' data flow can be used in other ways. It has been found helpful, on
large commerical fan engines, to display to the pilot the power demand to the
engine which correspoads to the actual power lever position. The pilot may then
position the lever to generate the engine power he is seeking rather than manipulate
the power level until the actual eagine power coincides with the desired value.

The pilot then operates directly on the fast loop leaving the ECS to handle the
slower engine response. The removal of the inter-action between the loops results
in a sigrificant improvement in control performance. The method is equally valid
i* the pilot is replaced by the FC8 and an autothrottle, or other intermediate
control interposed between the PCS and the ECS.

FLIGHT CONTROL AND ENGINE CONTROL INTEGRATION

“Integration”, 1n the context of this paper has the meaning of making the system
complete in concept rather than integrating the hardware into a single entity.
The means by which this end is achieved is exchange of data between the various
systems to be integrated so that each has available to it all the ta it needs
properly to coordinate its actions with the others. The data is exBanged over a
serial digital dats bus network. A

Figure 13 shows how the longitudinal control functions could be related in a VSTOL
or STOVL aircraft. The only inter-connections shown are between individual
systems and the FCS. Pigure 14 shows the data flows between the various functions
as identified in the previous section. It would appear logical, with an engine
mounted control, to combine the command of the nogzle vector actuator with the
engine control hardware. Integration of this "Thrust Control System" with the
other systems could then take a form similar to that shown in Figure 15.

The integration of flight control and eagine control will involve the bi-directional
exchange of data between engine control and flight control systems. This may take
place over a general data bus or over a dedicated data system. In either event,
more will be involved than simple data exchanges and more issues than have been
raised in the previous section.

One such issue depends on the levels of redundancy in the PCS and ECS. It can be .
ezpected that the FCS will be double failure surviving (say quadruplex) while the

engine control is most likely to employ some form of dual redundancy. If the data

bus systems are also redundant there is & clear but complex issue to be resolved

on the control of the system configuration following progressive failure, the

routing of informamtion and the prevention of fault propogation. The previous

section indicated how this problem may be mitigated by careful choice of location

for & particular control function and by appropriate limitations of control

authority. However, the main question cannot be addressed within the limits of

this paper.

A second issue is the "testability" of the system and the verification of its

operstional status. This will be an important consideration in the integration

of the systems. The methods outlined will simplify the problem but it will be

essential to conduct detailed studies of this aspect of the jntegration of the two '
systems for each application.

It 1is assumed that the FCEB and EC8 will be digital. A third, and major issue,
will be the configuration control of software in two independent but highly
interactive development programmes, one of which is controlled by the airframe
maoufacturer. This, rather than the performance issues discussed earlier, may
well be the pivotal consideration in many instances.
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7.0 CONCLUSION

This paper has described a digital control system for a VSTOL engine. It has
described the interactions between engine and airframe functions and shown how
me jor performance improvements could be secured. It has alsoc indicated how
performance, safety and interface responsibilities can affect the partitioning of
functions between the FPC8 and ECS. Pinally, it has indicated some of the major
consjderations wvhich the paper does not address.
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SUMMARY

4
—f*Reliability, redundancy, and survivability are key issues as integrated requirements

for flight control, fire control, and propulsion control are developed. These
integrated control systems require dependable sources of inertial measurement data.
Current inertial sensors, however, are expensive to acquire and maintain, dedicated
to specific systems, and are not designed to meet integrated control reliability,

redundancy, and survivability requirements., The Multtfunctien Flight Control

er CRSY concept uses a minimum number of inertial sensors in a
survivable configuration to provide inertial data for flight control, navigation,
weapon delivery, cockpit displays, and sensor stabilization., Because of advantages
in survivability, life cycle cost, size, and performance, the MFCRS program was
initiated to verify, through flight test, the key issues of redundancy management and
flight control.> A redundancy management system based on parity equations was
designed. ensor implementation consists of two skewed and dispersed sensor
clusters., | Each cluster is an orthogonal triad of colocated inertial quality ring
and accelerometers., Testing showed noise levels were higher than
While the noise had little affect on the navigation performance of the
baseline hardware, additional filtering was required for MFCRS to prevent false

tability and performance and caused the flight control design to be

modified."» A key lesson learned is that integration of inertfal data for fire

control, flight control, and propulsion control will require close coupling and
coordination between functional groups to resolve performance conflicts and com-
promises. Testing to date has not shown any basic flaws in the multifunction concept,
and flight test is scheduled in late 1983. 3

1. BACKGROUND

Improvements currently being developed for advanced fighter/attack aircraft include
integration of flight control, fire control, and propulsion control systems. Also,
flight control is becoming more sophisticated with advances in trajectory control and
automatic terrain following/terrain avoidance techniques. As these advanced develop-
ments proceed, formerly mission critical functions now become flight critical. The
high teliabilit{ and redundancy classically associated with flight control must be
designed into these integrated systems. Survivability is also a major design factor
given the increase of the number and quality of the threat air defense systems.
Inertial data is required for all of the advanced flight control techniques and is a
key component in many of the integrated systems.

As shown in Figure 1, current operational fighters obtain inertial data from a nuwber
of different sources such as the Inertial Navigation System (INS), the Attitude
Heading and Reference System (AHRS), the Flight Control Gyros and Accelerometers, and
the Fire Control Lead Computing Gyro (1.CG). These sensors are dedicated to and
optimized for specific functions. Current generation inertial sensors do not, however,
meet the reliability and survivability requirements that integrated systems will
need. For example, flight control sensors are not considered survivable when the
gyros are clustered at a single location near the primary aircraft bending antinode
or when the accelerometers are similarly located together at a node. Mission
¢ritical sensors such as the INS or LCG are neither redundant nor survivable. This
will become an increasingly 1mgortant problem as the INS outputs are used to generate
inputs to the flight control/flight management svstem to perform maneuvering attack,
automatic terrain following/terrain avoidance, or night, all weather control. For
these functions, the inertial sensors are in essence part of the flight control/ P
flight mana{ement system and should be designed to meet the rigorous flight control )
safety requirements. Another problem with current inertial sensors is their long

reaction time. Current gimbaled INS systems require 4 to 6 minutes for warm- and

alignment prior to beginning valid navigation. Current inertial systems are also

costly to maintain. ia i{s due in part to the fact that most current systems

require complex platform electronics to support the electromechanical gimbaled

devices. Also, each unique inertial data source requires a dedicated interface which

must be maintained through the existence of aircraft intermediate shop lupgort and

the training of highly skilled maintenance personnel in each specialty field.

high frequency actuator response, This filtering affected the flight P
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Figure 1. Conventional Approach 10 Inertial Data Requirements

The Multifunction Flight Control Reference System (MFCRS) concept shown in Figure 2
was developed to solve these problems.
approach that usesg a minimum number of inertial sensors in a survivable configuration
to satisfy the combined inertial data requirements of flight control, navigation,
weapon delivery, cockpit displavs, and sensor stabilization. One kev element of the
UFCRS concept is the ring laser gyro (RLG).
| provides both the accuracy required for navigation and the dynamic bandwidth required
for €light control. The strapdown RLG assembly/cluster is also less complex and more
rugged than the current four gimbal inertial platform since the RIG is a solid state
device. The other kev to the MFCRS is the availability of high speed digital micro-
processors. !Microprocessors allow the wide variety of functions required of the
HMFCRS tn be calculated and provided in real-time. The processor does fault
detection, fault isolation, dynamic reconfiguration, navigation, flight control
compensation, and compensation required by the other svstems using MFCRS data.

The MFCRS concept is an innovative

The RLG in a strapdown configuration

. ' The MFCRS concept was initially investigated by the Multifunction Inertial Reference
Assembly (MIRA) program. (1,2)

The MIRA program, jointlv sponsored by the Air Force

navigation and weapon delivery data.

s Wright Aeronautical Laboratories Flight Dynamics Laboratory (AFWAL/F1) and Avionics
Laboratory (AFWAL/AA), identified several potential benefits and payoffs for a
projected late 1980's production systen.

] probabilities would be increased for all functions. This is due to the fact the

. systen could provide fail-operate, fail-operate flight control data, and fail-operate

The MIRA study also estimated a 21X decrease in

life cycle cost. This was based on the mean-time between failures increasing from

7.0 hours to 1,670 hours and the mean-time to repair decreasing from 2.6 hours to 1.4

hours. Weight would also decrease from 120 pounds to 90 pounds and onlv 2 line

replaceable units would be required instead of 7. The RLG has a faster turn on time

than the present gimbaled INS and reaction time could be reduced to 1.5 to 3 minutes
ignment and to less than 30 seconds for stored heading alignment.
MIRA also predicted a 301 improvement in combat survivabilitv when the sensors were

. dispersed in two clusters., These benefits and pavoffs are summarized in Figure 3. (1,2)
These increases in reliabiliry, survivability and redundancy afford the opportunitv

First, reliability and mission success
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>
to eliminate aircraft intermediate shop (AIS) maintenance support for imertial
systems. Thev are also required to support the operational readiness of advanced
weapon system functions such as integrated flight fire control, terrain
following/terrain avoidance, and multi-mode control laws. When the MIRA program was
completed in December 1978, several key issues were identified that could not be
resolved in MIRA's limited laboratory demonstrations. The MFCRS program was
initiated in May 1980 to resolve, through flight test, the key issues of redundancy
nanagement of skewed and dispersed sensors and the compensation required to use
navigation quality RLG's and accelerometers for flight control reference in an
advanced high gerformance fighter. A contract was awarded by the Flight Dynamics
Laboratory's Flight Control Division (AFWAL/FIG) to McDonnell Aircraft Company
(MCAIR) to develop and flight test a multifunction unit.
@ Increases Reliability and Mission Success Probability for All Functions
— Two Fail-Operate for Flight Control, Fail-Operate for Navigation and Weapon Detivery from
Minimum Sensor Complement
® 21% Life Cycle Cost Reduction
— Longer MTBF 240 hr ey 1 670 hr>lncmus Availability
— Shorter MTTR 2.6 hr==memmeep. 1.4 hr and Eliminates AIS
. ® Reduces Weight/Volume
. — 120 |b wmmmnaaly 90 ib
— 7 LRUg smmmmampy 2 LRUS
2 ® 30% Improvement in Survivability Due to Sensor Dispersion
@ Reaction Time 1.5 - 3 min
® Supports Advanced Tactical Fighter Sensor Requirements E
P
Figure 3. Denefits and Payolts of MFCRS Conoept
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2. BASELINE DESICN

The MFCRS program is intended to resolve the two key issues discussed above: redun-
dancy management and flight control compensation, To meet these objectives in a cost
effective manner, the MFCRS program modified two existing RLG navigation units built
by Honeywell Incorporated for the AV-8B program. The resulting MFCRS design will
provide an adequate technology base, validated by flight test, upon which desi%n
recommendations for a production multifunction prototype can be made. Figure shows
the components of the MFCRS and their location in the F-15 test aircraft. Motion
Reference Unit (MRU) A is aligned with the aircraft axes and is located on an avionic
shelf in the nose barrel of the aircraft. MRU B is located 2.8 meters aft and the
MRU is skewed 60° about its cone axis relative to the aircraft axes. The amount of
separation required for survivability was determined in the MIRA program to be at
least .76 meters. The limited number of available equipment installation locations
on the test aircraft resulted in the large separation for the MFCRS program; however,
the compensation developed for this separation will demonstrate a worst case situa-
tion. Demonstrating this worst case will provide additional flexibility in locating
these components in a new aircraft design. The skewing of MRU B is necessary to
provide the redundant inertial information required to perform the two fail-operate
redundancy management. Changes to the MRU electronics were required to allow inter
MRU communication, communication with the aircraft instrumentation, and communication
to the flight control computers. A separate MFCRS unit called the Test Management
Panel (TMP) was built to serve as both an interface between the MRU's and the flight
control computers, and as a test input/output source for the pilot. Because of
safety considerations, a switching unit was also installed to allow selection of
either the production aircraft flight control sensors or the MFCRS sensors.

Switching Unit

Test Management Panel

Flight Test instrumentation

Figure 4. MFCRS Equipment Location

2.1 REDUNDANCY MANAGEMENT BASELINE DESIGN

A redundancy management system that compares the sensor outputs using parity equations
was chosen for implementation. (3,4) As shown in Figure 5, the results of the sensor
comparison, the parity equation residuals, are c ared to trip levels and the

results are used as a pointer to select the thre:mgest sengors based on stored

tables. This approach of garity equations and stored tables has a low processing
requirement which allows the exiscing pProcessor to be used at a 50 Hz processing

rate. The two key aspects of the redundancy management system are 1) the compen-
sation to allow sensor outputs to be compared, and 2) the generation of the stored
tables. The sensor differences that act as error sources and methods of compensation
are shown in Figure 6.




12-§

Calculate
s‘a‘:g - Parity
Equations

Obtain Sensor Generate t Control
Gompireds [ Triadtrom  [~»1 Outputs Using Featback
rip Look-Up Tables Selected Triad Signals

Calculate ¢
Trip Levels
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Figure 6. Redundency Management Error Compensation

The first error source is the moment arm effect caused by the separation of the
accelerometers. The sensed acceleration at MRU A is corrected by a set of deter-
ministic equations to the MRU B location so the outputs can be compared. The second
error source, static misalignments, are installation errors that are normall
corrected by boresighting, Because of the distance between the two MRU locations and
the limited access, boresighting both boxes would not provide the required accuracy
and is not feasible. Conventional boresighting is only accurate to 46 arcminutes
while the MFCRS redundancy management system requires the relative orientation of the
boxes to be known to 1.5 arcminutes. e MFCRS program uses a unique approach of
boresighting just one box and then using the existing navigation alignment algorithms
to calculate the exact installation orientation of each MRU. The results of the
navigation alignments are compared and used to calculate the relative orientation of
the MRU's to within the required +1.5 arcminutes. This method of making corrections B
for static misalignments is faster, cheaper, and more accurate than conventional
boresighting and may have future application in determining the relative orientation
of remote installation mounts for other systems. The third source of error is noise
caused by the mechanical dithering of the RLG's to prevent "lock in" at low angular
rates. is dither noise affects both the gyro output, by aliasing into the flight
control frequencies, and the accelerometer outputs, by causing not?on of the sensor
block. Dither noise in the gyro channel also couples into the accelerometer channel
through the angular rate and angular acceleration terms in the moment arm equations.
The gyro outputs require extensive filtering because the differentiation proceas to
§et angular acceleration amplifies the dither noise and the long moment arms add
further gain. Gain is also added by the coefficients required to transform the MRU B
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outputs to the aircraft axes. A -60 db digital notch prefilter at the dither fre-
quencies was placed in the gyro path and a third order analog lag prefilter was
placed in the accelerometer path to attenuate the noise. The next error source is
the misalignment between the two MRU's caused by aircraft bending during high g
maneuvering. To account for this misalignment, the trip levels that the parity
equation residuals are compared against are scheduled as functions of the sensed
rates and accelerations. One major objective of the flight test is to validate the
trip level equations and the aircraft bending models upon which they are based.
Sensor biases are accounted for during turn on and warm-up by calculating the parity
equation residuals under static conditions and then using these residuals as bias
correction factors. With all of the errors compensated, any miscompares detected by
the parity equations should be caused only by incorrect sensor outputs. As
mentioned above, the status of the parity equations is used as a pointer in a set of
look up tables to pick the best sensor triad. The look up table generation is done
by an off line program that relates all possible parity equation states to the sensor
that is most liﬁely failed. The equations that relate sensor failures and parity
equation states can be either interpreted geometrically, or derived rigorously using
the Greatest Likelihood Ratio test. References 3 and 4 contain a detailed discussion
of the redundancy management system and the generation of the stored tables.

2.2 FLIGHT CONTROL BASELINE DESIGN

The other key issue to be resolved by MFCRS, the flight control compensation, is
shown in Figure 7 and consists of two sets of moment arm compensations and network
compensations for the selected gyros and accelerometers. (4,5) The first set of
moment arm compensations, as discussed above, corrects the sensed acceleration at MRU
A to the MRU B location for redundancy management. The second set of equations
corrects the selected accelerometer outputs from the MRU B location to the location
of the production accelerometers, This second compensation allows switching between
the production and MFCRS accelerometers, and avoids any changes in the F-15 flight
control computers. The network compensation also avoids changes in the flight
control computer by compensating for dynamic bending effects in the feedback loop of
the flight control system. HNetwork compensation is required since the accelerometers
are not located at the primary aircraft bending nodes and the gyros are not at the
antinodes. Instead, the accelerometers and the gyros are clustered so the system can
navigate. 1In MFCRS this caused fli{ht control system sensitivity to aircraft struc-
tural modes resulting in unacceptable stability and handling qualities. Using the
baseline F-15 gain and phase margins as design goals, the open loop frequency
response was used to determine the network filter requirements to achieve acceptable
performance. A 15 db notch filter was required in the pitch rate and normal accel-
eration paths and a 30 db notch was required in the roll path. The yaw path did not
require compensation based on the open loop frequency response. To offset the effect
of the computational delay, a 3 db lag-lead network was placed in the gltch rate and
yaw rate feedback paths. The 50 Hz computational cycle that was used by the naviga-
tion program appeared adequate for both the flight control compensation and the
redundancy management.
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Figure 7. MFCRS Flight Control Compensation-Simpiified Block Disgram




3. MODIFICATIONS 'DENTIFIED BY TESTS/SIIMULATIONS

The baseline system design described above has been subjected to a number of simu-
lations and tests. Based on these results, modifications were required to both the
redundancy management and flight control sections. Some of the results susﬁest
modifications that are not within the scope of this program, but should be "lessons
learned” for the production prototype design of a multifunction system. The redun-
dancy management test results are discussed first, since some of the required modi-
fications impacted the flight control design.

3.1 REDUNDANCY MANAGEMENT TEST RESULTS

The initial testing of the redundancy management went smoothly. To protect against
coding errors, MCAIR develoged a test case which injected simulated gyro and accel-
erometer inputs into a MCAIR computer simulation of the redundancy management svstem
Honeywell had coded. Intermediate results were generated all the way to the output
and the inputs and results were provided to Honevywell. Honeywell was then able to
compare to the results generated by the flight code when the same simulated inputs
were used. This method of testing was instrumental in assuring a very smooth soft-
ware development. One of the keys to the success of this approach wasethe fact that
the software for the MCAIR simulation and the Honeywell flight software were generated
by different individuals. This check and balance situation insured design quality.
The other key was the absolute requirement that all software changes must be incor-
porated in both sets of software, a new test case generated, and the Honeywell and
MCAIR results compared to ensure proper coding.

The first indication of problems occurred in the software/hardware integration
process. At this point test data indicated that the noise due to RLG dither was
present on both the accelerometer and gyro outputs and was significantly larger than
predicted analytically. This noise was large enough to cause false alarms in the
redundancy management system. The trip levels were raised to the point where
additional increases would allow sensor failures to cause aircraft transients b “ore
they were detected. After the trip levels were raised, the noise in the MFCRS was
measured in an end to end test. Results showed that the noise was still unaccept-
able, and the sixth order filter was not providing the expected attenuation,

Analysis showed that part of the problem was RLG quantization. The RLG measures
angular rotation in discrete increments and accumulates these discrete rotations over
a set time period to calculate rate. The increment to which the rotation is
quantized creates quantization noise that raises the gyro path noise level to a

-30 db value versus the -60 db design goal. The RLG resolution can be changed to
reduce the quantization level, but the effort is beyond the scope of this program.
Any future system must consider the flight control requirements in the design of the
basic sensors. This problem does not affect navigation since the outputs are inte-
grated over a long period of time and, unlike flight control, any quantization errors
average out.

In addition to the gyro noise coupled into the accelerometer path by the moment arms,
the accelerometer path also had more noise than expected with the third order lag
prefilter. This noise appears to be related to the hardware implementation method
rather than an{ fundamental phenomena. A careful redesign of the electronics with
awareness of the noise gensitivity would probably eliminate the problem. The use of
existing hardware and the limited scope of the program did not allow this compre-
hensive €ix. 1Instead a first order .1 second lag filter was added to the accel-
erometer path, a 5 db lead lag filter that had been added for flight control was
eliminated, and the parity equation moment arm compensation was changed to do the
parity equation comparison at a central location. This last change had the effect of
shortening the moment arm and reduced the noise in this path. Minor hardware changes
are also being made to provide isolation in the accelerometer electronics. These
filter changes required the modifications to the flight control system described
below. In addition, these changes significantly increased the computational burden
to near the processor limit. Any future design should attempt to ninimize MRU
separation in excess of that required survivability as well as allow sufficient
processor sizing. Another solution that may be available to future systems is the
selection of a redundancy management system that is less sensitive to noise. This is
a difficult goal to achieve since the sensor reconfiguration must be done quickly
enough to prevent transients in the flight control outputs. Some form of weighted
averaging may allow a longer time period for decision making. These problems,
solutions, and recommendations are summarized in Figure 8.

3,2 FLIGHT CONTROL TEST RESULTS

The first major flight control test was a man-in-the-loop simulation. The conclusion
of this testing was that the system was stable and controllable for all wmaneuvers.
However, durinﬁ small amplitude stick raps and rudder kicks, the MFCRS system was
slightly less damped than the basic F-13, requiring an extra half cycle of

ouc?llation to damp. This decrease in damping was traced to the 3 db lag-lead
network. To increase the damping and maintain desired stability, this filter was
replaced with a 5 db, second order, lead-lag network. While this network was adequate
to maintain stability and performance, analysis indicated that performance would be
better 1f a computation rate between 80 and 100 hertz was used. This would allow a
sharper roll off on the filters. The use of existing hardware with linited processing
capability denied this option to the MFCRS program. However, performing flight
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Problem MFRCS Solution Long Term Solution
Gyro Dither Noise Raise Trip Levels Reduce Gyro Quantization Level
Add - 60 dB Norch Filter Measure Gyro Dither

Stiffen Sensor Biock
Synchronize Dither and Outputs

Design Future Gyros
Considering Flight Control

Requirements.
Accelerometer Dither Noise Raise Trip Levels Reduce Moment Arms
Add Anaiog Prefilter Consid cY
Add 0.1 sec Lag Filter Management
Remove Lead Lag Filter Design Accelerometer Channel

Change Moment Arm Compensation Considering Noise Sensitivity

Hardware Changes to increase
Channel Isolation

Processor Computational Limit Scope of Software Changes More Powerful Processor
Burden

Figure 8. Redundsncy Management Problems/Solutions

control at 50 hertz with an existing processor will demonstrate this technology is
feasible on current processors.

This modified implementation was given to Honeywell to code into the MRU processor.
The same test case methodology described for the redundancy management was used in
testing and verifying the flight code for the flight control modules. The development
of the flight control software was complicated at this point by the filtering require-
ments discovered during the redundancy management testing discussed above. One of

the results was the addition of a .1 second first order %ag filter on the accelera-
tion feedback paths. To maintain stability, the gain in the pitch and yaw control
loop had to be scheduled based on dynamic pressure. Analysis also showed the 5 db
lead-lag network provided some gain of the accelerometer noise. The use of gain
scheduling allowed elimination of this network. To verify stability and performance
after these changes, another man-in-the-loop simulation was conducted. The results
indicated that tgis approach will provide acceptable perfurmance and stability.

These changes illustrate the difficulty of integrating multifunction sensors with
existing systems. Multifunction systems should not be inserted directly into current
flight control systems simply as a sensor replacement. The multifunction system is
part of the flight control loop and, to derive maximum benefit, the implications of
the sensors should be considered in the complete flight control design. The MFCRS
was constrained from modifying the flight control hardware so the flight control
system could remain compatible with the existing flight sensors. This constraint
should be removed in the design of a prototype system.

3.3 INTEGRATION VS INTERFACING

Taken together, the above flight control and redundancy management problems point o
a fundamental problem in the design of integrated systems. The navigation units
currently avaigable for the MFCRS test demonstration were designed by navigation
specialists who did not have any flight control requirements imposed upon them at
that time. The flight control specialists who made the initial design modifications
to the MRU's were not fully aware of some of the assumptions made in the basic
navigation design. Currently, systems are designed for specific purposes and are
made to interface with other systems. True integration, as shown by this program, is
more difficult. As the integration of fire control, flight control, and propulsion
control continues, similar problems are expected. In order to minimize integration
groblems and to take advantage of complementary capabilities, future programs need to
e strongly influenced by a systems integration group. The objective of this group
is to interact with engineers that are specialists in all of the systems being
integrated in order to find and resolve conflicting requirements early in the design
stage. To carry out this function, excellent communication must exist between the
organizational elements responsible for flight control, fire control, and propulsion
control, and the coordinated effort must be responsive to the influence exerted by
the multifunction integration group. Project organization must facilitate these
requirements for communication and coordination.

The foregoing problems, short-term solutions, and long-term recommendations are
summarized in Figure 9.
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Problem MFCRS Solution Long Term Soksion
‘ Fiiter Performance Higher Order Filter Increase Computations! Rate
! Redundancy Management Flight Control Gain Scheduling Design Flight Controt System
! Filter Changes in Forward Loop
’ Lack of rn?m Fomm Add on Changes Intege of
Consideration in Design
o lm“ﬂﬂm‘: m‘i?nfwl::lmunclm
Hardware
Use System Integration
’ Group to Interact Strongly in
the Design
L ]
Figure 9. Flight Control Compensation Problems/Solutions
4. FUTURE PLANS
The testing in the MFCRS program has been instrumental in identifying problem areas
and design considerations for future systems. However, there are still questions
that cannot be answered by laboratory testtng. The MFCRS system will be flown in an
F-15 testbed in late 1983 to evaluate aircraft stability and handling qualities,
fault coverage, reconfiguration transients, navigation performance, and reliability.
This flight test is not meant to be an exhaustive evaluation of a new system but will
focus on two key areas: flight control and redundancy manapement per“ormance.
Stability and handling qualities evaluations will answer the guestion of how well
separated sensors at non-optimal locations can be used for fighter flight control.
Fault coverage and reconfiguration transient evaluations will hinge on how well the
effects of structural bending and differential vibration have been modeled and com-
pensated for in the redundancy management algorithm. The program schedule in Figure 10
shows the tasks that have been accomplished to this point and those remaining,
including aircraft integration and flight test.
Calendar Year
Activities 1980 1981 1982 1983 1964 .
2({3|a|1[2|3[a|1[2|3(a[1|2(3(|a|1|2 :
Develop Control Laws and
Redundancy Algorithms C ]
Design the High Accuracy
Sensor Assembly C
Fabricate HASA (
Aircraft Modificaticn
Group A Provisions m|
, Group B Provisions
~
Testing at Minneapolis-
Honeywell ]
) Testing at MCAIR ... .. . ]
B
Instaliation and Ground ;
. Checkout O , 0 :
. Flight Test ..................
Voi 1 Vol 2
Final Report 11 e =
? [ 4]
< Figure 10. Multiunction Fliigt Aok System Overview Sohed
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5. CONCLUSIONS

The Multifunction Flight Control Reference System concept addresses the problems of
current systems that require inertial data and provides for the needs of future
systems. The MFCRS program uses existing hardware to demonstrate the concept in a
cost effective manner.

A redundancy management system using parity equations has been developed for the
separated sensors. One key aspect of the redundancy management is the use of an
off-line program to relate parity equation status to the most likely failed sensors.
This off-line program reduces the real-time processing requirements to allow use of
an existing processor. To support the redundancy management system, a one time
electronic alignment procedure has been developed and implemented to determine the
relative orientation of the two sensor clusters to within 1.5 arcminutes. This
electronic alignment procedure is faster, cheaper, and more accurate than current
optical/mechanical boresighting procedures and has potential for application in other
programs.

Flight control and redundancy management compensation has been developed, implemented
and simulated for a worst case sensor separation. The software for the redundancy
management and flight control was successfully developed and coded. A key to the
successful software development was the use of a test case to validate the original
code and all subsequent changes.

The results of testing have shown that noise caused by RLG dither is a severe problem
for flight control redundancy management. Noise attenuation should be addressed in
the basic system design. Testing has also shown that a multifunction system must be
considered as part of the flight control loop and the overall flight control system
design must consider issues peculiar to the multifunction system.

The suggested management technique to design future integrated systems will be to use
a strong systems integration group to interact with and be part of the design team.

Future testing on an F-15 aircraft will provide data so the key areas of flight
control and redundancy management performance can be evaluated.

The design, development, and testing of the MFCRS to date has not shown any basic
flaws with the multifunction concept, but has provided valuable insights for future
designs of integrated systems,
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SOME ASPECTS OF FLIGHT TRAJECTORY CONTROL IN FUTURE AVIONIC SYSTEMS
POR COMBAT AIRCRAFT

by W.H. McKinlay, Perranti plc, Ferry Road, Edinburgh EH5 2XS, Scotland.

' SUMMARY

4}This paper considers some of the reasons for increased int-
egration with the emphasis on Flight Profile Control in combat
aircraft, largely in the ground attack role. Having examined

” - ome of the reasons for further integration involving flight control .- €
[ AR pfbif! > looks at thé various phases of flight and highlights particular
—~ problems to be considered. Having suggested trends or solutions

in the more important specific areas,the paper suggests that future
work will consist of developing particular capabilities, concentrat-
ing on the relationship between pilot and total system, learning
how to control the design of such a closely coupled system and
handling the important problems of testing, reliability, maintain-
ability and the attainment of minimum economic configurations which
will satisfy all these goals. The need for flexibility in any
system which combines automation with a high degree of pilot part-
icipation is stressed.

A

1. INTRODUCTION

For some years the design of avionic systems for combat aircraft has been subject
to a number of pressures which have not always been compatible. The need for surviv-
ability in an increasingly hostile environment drives such operations towards flight at
very low altitudes which in turn tends to raise the pilot's workload and minimise the
extent to which he can operate head-down. At the same time a drive to operate at night
and in low visibilities involves the carriage of more sophisticated forward loocking
sensors such as enhanced radars and electro-optical systems which, in their initial form,
require considerable pilot interpretation. Future dispenser or guided weapons for use
against vehicles or tanks should be highly effective 1f launched appropriately in con-
junction with sensors, but this could complicate the pilot's task in weapon delivery.

All these trends indicate the need to reduce pilot workload by using automation
while at the same time improving the accuracy with which the desired flight profile is
flown. While past standards of navigation have been adequate as regards position find-
ing there is a need for improved path keeping and conceivably for an improvement in
basic accuracy, both of which increase the interest in flight automation.

There is also considerable scope for the application of automation to the aircraft
itself for ACT to provide higher efficiency and better handling, and to the handling
and monitoring of the basic aircraft systems. With so many possibilities it is impor-
tant to achieve a picture of the balance which is being sought and also to use integra-
tion as a tool to reduce overall complexity and increase testability while reducing cost
of ownership.

2. REASONS FOR CLOSER SYSTEM INTEGRATION

The development of computers and better means of data transmission including the
data bus have opened the way to further integration provided that the basic disciplines
of system design are observed. It is however important not to pursue integration for
its own sake but to ensure that any integrated system is designed around a coherent
philosophy.

Generally integration can be pursued for reasons connected with system design and
management or operational reasons.

* The design reasons are largely concerned with economy: there is an optimum way of
combining sensors, displays, automatic controls and computing facilities to achieve a
given operational capability with a given degree of redundancy which must be justified.
- It is possible to trade off availability against the rate at which faults will arise and
have to be corracted, While the massive amount of data which can be interchanged in
modern bus systems has increased the number of solutions available for testing and fault
diagnosis, soms configurations will still be more maintainable than othera. However,
in high performance military coxbat aircraft it is much more likely that the first driver
r towards integration will be operational,

The areas in which operational integration can be used to solve problems can be
distinguished as below. In each case the design objectives will be slightly different,
reflecting a different emphasis on such aspects as performance, safety, pilot accept-
ability, etc.

Automation may be used to off-load the pilot by simply taking over tasks which are
better performed thus without being changed in nature. Simple auto pilot facilities
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such as height holding or following radio aids are in this category but there may also be
highly sophisticated tasks such as automating target recognition through E-0 sensors.
One advantage of this approach is that relatively piece-meal automation can be carried
out without necessarily changing the pilot's task in its essentials. Similarly the
safety philosophy need not change.

In some cases automation ray actually do a better job than the pilot in terms of
performance; e.g. flying a complex flight trajectory which might not easily be flown
manually with sufficient accuracy.

Thers is a sound operational case for any application of automation which can in-
crease survivability, such as any system of automatic terrain following or avoidance
which permits very low flight in all weathers.

Once the concept of increased automation of flight path control is accepted it
becomes possible to consider its exploitation in changing the shape of a mission or even
by developing new kinds of weapon or tactics which could not be used otherwise.

At one time there was an explosive growth in the application of automatic flight
control to civil transport aircraft, culminating in the adoption of automatic landing
down to Cat. 3 conditions in which, at the time, it was considered human pilots would
never be able to operate safely. Such gystems, designed on the basis th~t an automatic

solution could be made to work, were sometimes called "ultra-human systems". Subsequent-

ly it was fcund that an appropriate mix of human pilot and automatic or instrumental
assistance could do the job more economically, but the idea that there are valid system
concepts depending entirely on the use of automatics seems to have been accepted together
with the resulting complexity, e.g. active control. A sclution which hinges success on
automatics and their relationship with the pilot implies a complete commitment and there-
fore formidable design problems, including those concerned with safety.

3. INTEGRATION IN SINGLE SEAT COMBAT AIRCPAFT
3.1 General

While the integration of fire control/weapon delivery functions and flight
control is the primary topic of this Symposium it is necessary to see the operation
of a combat aircraft in the context of all the relevant phases of flight. It will
be necesgary to make tramsistions between phases both smooth and logical and an
integrated approach also demands that wherever such facilities are included for a
particular purpose they should also be used to optimise the cperation wherever
possible.

3.2 Transit to Target

Here the flight trajectory is essentially concerned with navigation, normally
in two dimensions kut in three if it is expanded to include selecting a vertical
profile which is the best compromise between achieving masking from defences and

avoiding the ground. The general pressure is to fly at increasingly low altitudes.

There are of course extremely sophisticated single or two seat aircraft which
contain a complex equipment fit aimed at both these objectives and at day/night
operations. But to consider the system integration problem it is better to start

with a relatively simple single seat aircraft in which the exercise is a combination
of computers, displays and pilot's eye. An inertial navigator with a corresponding

guidance facility can be programmed to steer a horizontal track through a series of
pre-planned waypoints. The control loop is completed through the Head Up Display
{HUD) . Pilots are skilled at both adjusting their altitude by looking ahead by
day and making small horizontal adjustments to take advantage of the terrain. A
primary objective is survivability and at present this can be increased in sever:zl
ways apart from flying lower. It is a valid function of automation to reduce
workload by remoting a task in time. Modern briefing systems (Fig. l1.) can store
large amounts of data about optimum flight paths and enemy defences so that the
planneé trajectory can be more sophisgticated, reflecting the best available know-
ledge, and being loaded into the aircraft's computer before take-off.

iIn handling the horizontal profile there is a choice between reinforcing the
pilot's eye, adding an extremely soprhisticated sensor or moving towards some sort
of planned horizontal navigation. various night vision devices or FLIR, perhaps
displayed on the HUD, all tend to reinforce the pilot's eye solution but whether
they are adequate seems to depend on whether flight at wuch lower altitudes is
contemplated. The freedom to manoeuvre which one would expect most pilots to like
implies that blind flying through a sensor must include the capability to turn on
an instict to do so, in which case the sensor must acquire information as to what
is "round the corner”™ instantly and determine the best profile. Such a radar cap-
ability was demonstrated by Ferranti some twenty years ago and highly effective
systems# have been produced since, but they are expensive. Radar and Electro-
Optical systems compete for the same real estate around the nose of the aircraft
and the system integration approach implies attention to other possibilities.

A theoretical possibility is that an ideal navigation solution can be post-
ulated in which there is a digital database representing the terrain which, coupled
with very accurate navigation, enables the generation of control inputs for auto-




ratic or manual flight at very low altitudes. Other possibilities include a
more realistic reinforcing of such a system with forward sensors which could
particularly handle the "round the corner" problem.

Whatever solution is adopted it is most attractive to try to off-load workload
through automatics in transit so as to enable the pilot to pay more attention to the
tactical situation, enemy defences and the cperation of his own counter measures.
Clearly any system involving full automatic control at very 1-~ altitudes could tend
to be "ultra-human” which would mean some degree of dual or triple redundancy, which
might be analytical in terms of sensors but could not be in terms of control. It
is attractive to consider a mixed manual/automatic solution of which there are
obviously many possibilities including:

Fully automatic control of ground clearance at some altitude safe
for the system with manual control of heading changes through bank
to vary the hcrizontal profile.

Something similar but "transparent” to enable the pilot to overpower
the system without disengaging it 80 as to go to a lower altitude or
turn off.

Some Zorr: of klending, more like an auto-stabiliser, with pilot and
automatic inputs in parallel, the latter overpowering the former in
the event of a hazard, with some sultable warning as to why.

This implies a system, rather like an ACT system with limitation within a given
flight envelope, the envelope in this case including the ground. It does seem
that a fully automatic system would be unacceptable, apart from its complexity,
because of the discontinuity when the pilot had to reject it in order to carry out
a perfectly normal manoeuvre. The system could never be programmed for all
"normal" manoeuvres. It also seems that the final solution will have to behave
"naturally” as seen by pilots rather than as seen by designers. But certainly
the sensors (inertial, radioc altimetry and possibly radar or laser) and the data-
base or mixing techniques required to implement the variety of solutions are
available.

It is also possible that future systems will integrate rather more data about the
position of defences, threats, etc. and 1f this data could bhe changed in the air
from intelligence which was not gtale safe changes in trajectory could be generated
for presentation to the pilot. They could be fed into an “advisory" type of con-
trol system as described above. But in this case, expecting a “"natural® response,
the pilot would also have to have a suitable display saying why the system wanted
to adjust the profile. Present electronic display technologies (Fig. 2,) provide
the means to do this but the available content may have to be limited.

3.3 Ground Attack

Papers on the IFFC system (ref. 1.) make some good points about the ad-
vantages of a partially automatic trajectory solution in ground attack. The most
notable is that weapon release in a curved trajectory makes life more difficult
for the defences, and this advantage can be considered in the context of a typical
attack.

The most difficult form of attack is likely to be against armoured formations
of which the precise location and distribution is a little uncertain. Weapons
tailored specifically for this task will have to be released in such a way as to
match the release point, the weapon characteristics and the array of vehicles in
as optimum a manner as is possible in a very short time. In some cases A pop-up
manoeuvre will be employed. In all casey the pilot workload will be high,
particularly if he has to interact with his E-O sensors before and after target
acquisition. One would expect it to be possible to relieve this load partially
by a degree of automatic flight trajectory control, say by flying a planned curved
trajectory which also increases survivabillity. However there could be problems
in this area. For example if the location of the target is not known with suffi-
cient precision the pilot will find himself making final corrections in a curve
rather than in straight flight, with a consequent effect on the utility of the HUD. |

It does seem that in weapon delivery the greatest advantage of a degree of
automatic control is in terms of accuracy and rapid settling of aiming provided
that the necessary aiming information is available. One would expect the technique
to function better in air-to-air situations than in badly structured ground attacks R
requiring a considerable amount of last minute decision making. i

3.4 Air-to-Air Combat

It is instructive to examine the possibility of improving air combat effect-
iveness 1f flight and fire control are intagrated. In particular the head-on
approach is of interest in an air superiority aircraft as is the role of this tech-
nology in front hemisphere attacks. Here the problems of weapon aiming are
particularly exacting, being accentuated by high range rates, line of sight rates
and line of sight accelerations.
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In the past the preferred interception weapon has been the guided missile,
when optimised for this type of attack. However air-to-air guns can show distinct
advantages in terms of reduced weight, reduced profile drag, expense and the ability
to carry a large number of projectiles. Weight and drag shorten mission times
through an attendant fuel penalty.

For guns to be effective in this mode of attack it is necessary to understand
the effects of target acceleration and its measurement and the likely order of
magnitude of the variables involved before the necessary improvements in weapon aim-
ing computation can be made. The pilot's task must then be considered, particularly
in terms of target acquisition, tracking and ability to handle the system within
whatever firing opportunity emerges. It should be possible to enhance tracking by
an integration of fire and flight control including some suitable assignment of
tasks to pilot and automatics.

The simulation upon which this part of the paper is based was originally
undertaken to examine the dynamics of such attacks as part of more comprehensive
studies aimed at the definition of future airborne radars. The first part, which
is reported here, dealt with the simulation and investigation of typical approaches.

The simulation results shown in Figs. 3 - 7 show the paths followed by the
attacking ajircraft and its quarry and use the following assumptions:

At time zero the fighter will have position co-ordinates (0O, O) and
velocity of 500 ft/second in unspecified direction.

The target's flight is parallel to the Y-axis prior to acceleration,
target acceleration being applied smoothly over a one second interval.

Corilis and gravitational forces are neglected as being trivial or
not significant in the present simulation.

Bullet velocity is approximated with a single value.

The target position, velocity and acceleration are known exactly at
any given instant.

The cases considered include the following:
Fig. 3: Target flies straight with an initial offset of 500 ft.

Fig. 4: The target applies an acceleration of 8-G after flving
straight for about 2.3 seconds or, in Fig. 5, an accel-
eration in the opposite direction.

In Fig. 6 the target applies acceleration about 1.3 seconds earlier
while in Fig. 7 it has a large offset (2,900 feet) and flies straight
at all times.

It will be seen that firing opportunities are normally around 4 seconds
although in Fig. 6 the opportunity is increased to some undetermined large value:
neglecting target acceleration and assuming straight flight the rate of increase
of fighter acceleration to maintain lead angle is a2 function of offset. Accel-
eration either towards or away from the fighter flight path has little effect in
direction but acceleration towards the fighter causes a marginal reduction in
firing opportunity.

A detailed scrutiny of the results shows some general characteristics of
such an attack. A firing opportunity is taken to involve a time of flight of
less than 1.5 seconds and a fighter turning acceleration of less than 8-G. In
most cases firing opportunities last for around 4 seconds. Over the first 2
seconds modest turning accelerations of less than 1-G anpear but in the latter part
of a firing opportunity, at shorter ranges, a very fast wind-ur into the turn, say
2.5-G/second, can be encountered.

Considering the pilot's task as a whole when encounterinrg a threat justifyirg
a front sector attack:

The threat will be detected on radar say 30 seconds hefore the firing
opportunity appears and this is the time available to prenare a response,

From 5,000 fest in everything will be over in under 5 seconds and
although the demanded turn rates will be modest for the first 2
seconds of the firing opportunity they will wind up rapidly in the
last 2 seconds.

Ir thls rapid senuence of events the ajircraft will have to be flown
extremely accurately in response to weapon delivery information.
The problem will be exacerbated in turbulence and the nilot may be
interrupted by other factors such as EW or communications.
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It follows that integration with flight control should be used to reduce
the pilot load as much as possible. Where flight control commands are
blencded, presumably pilot tracking of the required profile, a major

load even without striving for accuracy, can be substantiated by flying
gutomagic tracking with which automatic firing armed by the pilot could
e used.

In this case it does appear that as much flight control authority as is
possible could be used with advantage provided the pilot were free to over-ride
it instantaneously, for example, to break off the attack for some unforeseen reason
e.g. the target no longer exists. In any event an immediate reversion to full
manual control will be necessary to enter a break-away manoeuvre which is entirely
impossible to predict in terms of the demands which would be required of the
automatics.

The most important impression gained from this example is that a most useful
manoeuvre, the front-~hemisphere attack, is extremely demanding in terms of time
apart from accuracy and the ability to make such attacks possible will be a major
attraction in considering integrated fire-flight control.

4. FUTURE PROBLEMS

There are strong intuitive reasons to feel that pilots of single seat aircraft
should have the routine task of flying the aircraft off-loaded as much as possible just as
their handling of other aircraft systems and the interpretation of complex data from EW or
communication sources should be automated before display. But it also seems clear that
a major problem is to decide what is worth doing, or perhaps what not to do, as the tech-
nology is so powerful. Clearly future work should concentrate on the pilot relations and
on the best way of developing total system design concepts which can be validated in terms
of human factors as well as technically.

At the same time, with the advent of more complex avionics and weapons, the designers
aim should be to over-kill the workload problem as otherwise pilots will find it difficult
to handle the resulting complex systems, particularly under stress.

It is an interesting coincidence that the relationship between pilot and system and
between designers and design aids follows the same pattern. At the highest level of ab-
straction the pilot is concerned with tactics and flexibility and at the lowest with hand-
ling equipments and carrying out optimal manceuvres. A corresponding split of respons-
ibility between pilot and avionics is dictated. In design, at the conceptual level, the
problems are multi-dimensional and require an interaction between designers and operators.

The act of automation is essentially to displace a problem in time, in space or
both. A highly automated approach to the problems of combat aircraft makes the assumption
that, many years ahead, pilots and system designers sitting in conference rooms or labor-
atories can actually solve problems which will occur year: later in the heat of a battlefield
It seems best to assume that as this cannot succeed completely the quest is one for flex-
ibility.

5. CONCLUSION

The paper has reviewed some aspects of automation and therefore the integration of
flight control with other functions in combat aircraft.

It has been pointed out that the critical area is between pilot and aircraft system
and that even the most successful interaction between operators and designers would prob-
ably produce a solution which was not entirely valid in a battlefield. At the same time
it is vital to reduce pilot workload.

In detail it has been suggested that some form of advisory automatic control coupled
with displays should be used to vary horizontal navigation for survivability and that in
the vertical the approach is nearer to a form of flight envelope limitation which includes
the ground.

In terms of weapon delivery it seems that the introductionu of a degree of automatic
flight path control will pay off most in cases in which an improvement in aiming would be
beneficial coupled with a more rapid settling to a stable solution. In ground attack
where target positions and distributions are uncertain the problem is more difficult and
requires further investigation which will have to involve topics concerned with targets
and weapon design which are outside the scope of this paper.

In air-to-air combat improved sensors and fire control computers have the potential
to make weapons more effective provided that the necessary aiming accuracy can be achieved,
possibly in turning flight and where events occur very rapidly. This indicates a favour-
able direction in which to apply the integration of flight and fire control and the paper
has shown, that for example, front hemisphere attacks using guns would certainly fall
within this category. At the same time just as automatic and manual control may be blended
to carry out difficult manoeuvres, the different phases of an operation will have to blend
smoothly into one another. In air-to-air attacks it is important to get the approach
right while at the same time the system must cater for guite abrupt discontinuities when
the pilot has to abandon a programme manceuvre and take improvised action drawing on all
his tactical and flying skills. On the whole the past history of automatic flight control

i i -
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has been more successful in terms of flight profile control itself than in handling pilot
interactions and changes of mode or sector, particularly when the operation has to go off-
programme .

It therefore seems that there should be several broad thrusts in the development of
integrated fire-flight control.

Future operations and tactics should be studied carefully to determine precisely
how such improvements could be beneficial; e.g. in attacking ground targets will their
pcsition be known and if not what problem will confront the pilot?

Practical system development such as that already underway is required to determine
optimum flight profiles and control techniques.

It will be necessary to establish whether these new possibilities can be realised
with present sensors or whether the sensors themselves require modification or upgrading

in performance.

The resulting combinations of sensors, automatics and systems should be exploited
as much as possible in all phases of flight and a major effort will be required in the
context of a particular system design to determine precisely how it will handle all oper-
ational eventualities, particularly those which cannot be foreseen easily but may result
from unexpected circumstances.

Finally, having determined a new relationship between pilot and automatics, it will
be necessary to ask whether this has particular effects on display and control requirements.

The author is grateful to the Management of Ferranti plc for permission to publish
this paper and to his colleagues within Ferranti and elsewhere in the UK for stimulating

the ideas contained in 1it.

Reference 1l: Integrated Flight and Fire Control Development and Flight Test on an F.15B
Alrcraft: Sims, Hillman, Kocher and Green NAECON May 1982 and other
related papers.
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A DIAGNOSIS SCHEME FOR SENSORS OF A FLIGHT CONTROL SYSTEM
USING ANALYTIC REDUNDANCY

. by
- NORBERT STUCKENBERG
/ INSTITUT FUR FLUGFUHRUNG, DFVLR, FLUGHAFEN

D 3300 BRAUNSCHWEIG, GERMANY

SUMMARY

—~ A diagnosis scheme for sensors of a flight control system is presented.,Nased on ana-

ytic redundancyye-é yT-configuration) provides the fail-operational capability

of a conventional triglex sensor system. This is achieved by using deterministic observers.

The feasibility of the presented concept 1s demonstrated by flight test results.
1. INTRODUCTION <

Reliability plays a vital role in flight control systems of today and in those of the
future. Particularly the most attractive control concepts such as artificial stability
for the enhancement of maneuverability and flight economy require control systems of
extremely high reliability. Traditionally this requirement is fulfilled by using multiple
devices in the vital parts of the control systems. For example, it is necessary to tri-
plicate the hardware and to add a majority voting mechanism in order to achieve a fail-
operational capability.

However, it is obvious that the conventional hardware redundancy has many disadvanta-
ges due to costs, weight, volume, energy consumption, failure rates and maintenance
costs. Therefore it is reasonable to look for alternative methods which reduce the neces-
sary efforts in hardware without loss of reliability.

For the sensor part of a flight control system a starting point for the reduction of
hardware is the fact that the signals which have to be measured are output signals of
one single plant. The plant itself is given by the aircraft motion described by the
flight mechanics equations. Hence the plant outputs are not independent from each other
but they are internally coupled. These relations given analytically can be used for re-
liabjlity purposes. Thus the hardware redundancy can be replaced by the so-called analy-
tic redundancy,

The basic tools for utilizing the analytic redundancy are filters and observers.
Their algorithms have to be implemented into the signal processing part of the control
system. Thus sensor hardware is replaced by computer software.

In recent years several methods have been developred following the described common
idea on different ways [1], [2], [3]), [4}, [5], [6]. In this paper a concept [6) is pro-
posed omitting the third sensor of a triplex sensor system. Nevertheless the fail-opera-
tional capability shall be maintained. This is achieved by analytic redundancy performed
in deterministic observers. The concept is applied to a complete flight control system
similar to those used in the presently forthcoming transport aircrafts. Flight test
results will be shown in order to demonstrate how the concept operates in a realistic
environment.

2. SYSTEM OVERVIEW

2.1, The closed loop control system

Fig. 1 shows the general structure of the complete system partitioned into the closed
loop control system on the one hand and into the failure detection system on the other
hand.

The closed loop control system consists of the plant, a duplex sensor configuration,
a sensor switching device and the controller. The plant is given as the flight mechanical
motion of the aircraft, forced by the control signals and the disturbances such as air
turbulence. The output of the plant is defined such that the resulting vector y contains
as much information about the plant state as it is needed for the control problem. The
output signals are measured by sensors which are put into a duplex sensor configuration
in such a way that two identical sensor packages (SP) arise. Hence either SP includes
one sensor of every sensor type (ST). As far as no sensor failure (SF) occurs the re-
sulting two measurement vectors z, and z) are identical.

These two sets of measurement signals are fed to a controller via a sensor switching
device. In this device the output signals of a failed sensor is cut off. Output signals
of good sensors only can pass. This is shown in fig. 1 for a sensor type i according to
the following scheme:

No sensor failure: The sum of both sensor outputs zj) and zj, multiplied with the factor
0.5 is fed to the controller.

Sensor 1 in SP1 Only the signal z32 of the corresponding good sensor of SP2 is fed
failing: to the controller.

.
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Only the signal z;1 of the corresponding good sensor of SP1 is fed to
the controller.

Sensor i in SP2
failing:

This scheme applies to each of the existing sensor types (in fig. ! shown for ST i
only). The switch command signal is generated within the failure detection logic as part
of the failure detection system.

The controller is supposed to be designed such that the closed loop control system
meets the usual requirements, i.e. good response to cammand inputs and an effective
suppression of disturbances over a certain area of the flight ervelope.

2.2. The failure detection system

The failure detection part of the complete system shown in fig. 1 consists of two
identical deterministic observers and a failure detection logic. The observers operate
in the usual way. A mathematical model of the plant is driven by the control signals
already mentioned as input signals to the real plant. The output § of the model is an
estimate of the real plant output y. The difference vector between the measured output z,
(or z; resp.) and the estimated output §, (or 9, resp.} in this paper called the ob-
sexrver difference is fed back to the plant modei via the observer gain matrix. This feed-
back arrangement offers the opportunity to achieve an optimal estimation.

In common applications observers are used to provide additional information about the
plant state. Thus the possibility is given to improve the control performance in a cer-
tain optimal way. Differing from those systems in which the observers have to be imple-
mented into the closed loop control system the present concept uses the observers in an
open loop manner. As fig. 1 shows the observers are not used for control purposes but
they are restricted to the task of failure detection.

This task is accomplished with the aid of the observers differences ny and n2 based
on the following facts. As it can be shown easily by the state equations of the observers,
the observer differences are forced by
- disturbances
- plant parameter variations

- sensor failures.

As far as the relations between sensor failures and observer differences are concerned
it can be seen from state equations and also from the block diagram in fig. 1 that the
observer difference vector nq of observcr 1 is forced by failures in the sensor package 1
only. Equivalently the observer differences ny correspond to sensor failures in SP2.

The effect of the disturbances and the plant parameter variations on the observer . |
differences are identical in both observers. Furthermore, they can be assumed to be limi-
ted. Hence, the maximum response of the observer differences due to disturbances and
parameter variations can be used as thresholds for the sensor diagnosis in the following
manner.

Given are the thresholds njy of each element nji and ny3 of the vector n; and n2. When
one or more elements njq of observer 1 increase beyond their respective thresholds njrT,
it is certain that a sensor failure has occurred in sensor package 1. Equivalently an
occurrence of a sensor failure in SP2 can be seen from the response of the observer
difference vector ny.

' The final localization of a failed sensor within the SP1 (or SP2) 1is accomplished by
: the simple comparison between the output signals of the corresponding sensors of the t
. same type. This part of the failure detection is identical to that used in the conven- !
tional hardware redundancy concepts.

Based on these relations the failure detection logic is defined by the following
statements:

- 212[ $0 : sensor failure in ST i

lzy,

tnygl > nygpdv Uy | > nypdvi. ¢+ sensor fatlure in SP1

tnyyl > nppdvtingy| > npp)v... ¢ sensor failure in SP2

-

o Using these statements a failed sensor is clearly localized. Then, switch-off actions
are taken as described in section 2.1.

3. APPLICATION TO A COMPLETE FLIGHT CONTROL SYSTEM FOR A TRANSPORT AIRCRAFT
The flight control system

The failure detection concept is applied to a given flight control system for a trans-
port aircraft. A simplified block diagram in fig. 2 shows the structure of the closed

3.1,

loop system. The objectives of the control system are on the one hand a good responsc to
the command signals defined as the command vector : (

|
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altitude command H
Yo = speed command v
bank angle command ¢

c
c
and on the other hand a sufficient suppression of the disturbances w.

A good command response is achieved essentially by a careful design of the feedforward
signal path, given a well damped eigen behavior of the closed loop system by choosing

reasonable feedback gains. Then, this latter property provides also for a sufficiently
low disturbance response.

In order to achieve these design objectives it is necessary, first, to control the
plant via the control vector u defined as
[elevator deflection n
thrust F
aileron deflection ¢
Lrudder deflection [4
and, secondly, to get the information about the plant state via the measurement vector z,
defineqd as
ryaw rate
roll rate
pitch rate
bank attitude
z = pitch attitude
vertical speed
altitude
indicated air speed vIA
lateral acceleration ay

T D C e O T N
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This flight control system is successfully flight tested with the DFVLR experimental
aircraft HFB 320. A detailed description is given in [7].

The feedforward control loops are independent of the measurement. Hence, they do not
interfere with the sensor failure problem. On the other hand the signal path from the
measurements via the feedback law to the control vector u is of particular interest for
the sensor failure problem and its solution, since via this loop sensor failures have an
effect on the plant.

3.2. The test arrangement for the generation, the detection and the isolation of sensor
failures

The sensor diagnosis scheme needs a duplex configuration as represented in fig. 1.
But in the experimental flight control system only a simplex sensor system was available.
Therefore a slight modification of the original concept became necessary for test pur-
poses. This is shown in fig. 3.

Given is the single sensor package as it was used for the flight control test program.
All measurement signhals combined into the measurement vector z are splitted up into two
separate signal paths., Into either path additive signals can be fed represented by the
vectors vi and vy. Thus failures in sensors of the original two sensor packages are simu-
lated by software. The remainder of the original scheme stays unchanged.

The intrinsic purpose of the experiment can gtill be achieved, i.e. the indication in
which of the two sensor packages a failed sensor is located. Only the indication of the
type of the failed sensor operates in an unrealistic condition. But as already mentioned
this indication implies no innovative aspects since it arises in the conventional hard-
ware redundancy concCepts, too.

Fig. 4 shows in detail the arrangement of the sensors and the internal structure of
the observers as it was used in the flight testa. For clarification purposes observer 1
and the signal path of the simulated sensor package 1 is represented only. The represen-
tation of observer 2 and the SP2 is identical to that shown in fig. 4.

The aircraft motion model used in the observers is nonlinear. This is done in order to
keep the estimated outputs as close as possible to the outputs of the real plant. The non-
linearities consist of

- the coupling between the longitudinal and the lateral motion
- some quadratic terms depending on the dynamic pressure
- the thrust depending on Mach number and static pressure.
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The differences between the measurement signals and the estimated outputs are fed
back to the plant via the observer gain matrix. Going beyond this concept shown in
fig. 1 and described in the original observer/filter literature additional integral terms
are fed back, too. This is done in order to cancel possibly stationary deviations in the
respective observer differences completely. The implementation of these integral elements
into the observer structure does not raise any problems either theoretically or practi-
cally. The observer gain matrix itself is chosen as similar to the gains used in the con-
trol system. Though this approach is not stringently optimal from the failure detection
point of view it offers some practical advantages. Detailed reasons are given in [6].

In fig. 4 additional low pass filters are attached to the ovserver differences np and
ng. These filters are not part of the closed loop observers because the corresponding
filter outputs are free. But they are used for the sensor diagnosis in the same way as
the observer differences themselves: When a filter output increases beyond a previously
defined threshold the corresponding sensor package is indicated as that one which is in-
cluding a failed sensor. The purpose of these filters is to imply further indication
signals which can be made sensitive to particular failure cases by individually matching
the filter characteristics. The effect will be discussed using the flight test results.

4. FLIGHT TEST

Fliyht tests were conducted using the DFVLR test aircraft HFB 320. The objective was
to demonstrate the feasibility of the proposed sensor diagnosis concept under a realistic
flight environment. The flight tests are partitioned into two parts according to the out-
lined concept. During the first part data about the parameter variation and disturbance
effect on the observers were collected for the threshold definition problem. In the
second part the operation of the failure detection and isolation was demonstrated when
sensor failure signals were applied.

4.1, Definition of thresholds

The observer differences deviate from zero due to parameter variations and disturbances.
The response to parameter variations becomes high when the control system forces the plant
to move dynamically. Therefore, inputs into all 3 command signal paths of fig. 2 are
applied successively:

- altitude command with different descent and climb rates
~ indicated air speed commands represented as a deceleration procedure
- bank attitude commands.

The test results shown in fig. 5, fig. 6 and fig. 7 are selfexplanatory to a certain
extent. Only a few features shall be discussed.

Fig. 5: The descent rate is 800 ft/min, the climb rate is 1500 ft/min. Though during
the maneuver the plant moves considerably in altitude H, vertical speed B and pitch atti-
tude 6 the corresponding observer differences remain small. Only the signal ng shows up a
certain offset which becomes even clearer in the output ngp of the attached low pass filter.
This effect may be referred to an unprecise modelling of tge actual thrust.

Fiqg. 6: The deceleration procedure is carried out partly in medium air turbulence. Un-
expected is the result that obviously the lateral motion is excited by the deceleration
maneuver which theoretically should be a matter of the longitudinal motion only. This
effect is due to a peculiar feature of the test aircraft. Some unsymmetries of the aileron
system show up when the dynamic pressure is varying. In the stationary case the feedback
of the integrated observer difference ny cancels the unsymmetries effect.

Fig. 7: The bank attitude ¢ moves with a certain rate which is defined within the flight
control system. During the transient phases some deviations in the cbserver differences
arise, particularly in LR

In all three figures there is a bias in the observer difference n,,. Obviously this is
due either to a bias in the lateral accelerometer itself or to a nonhorizontal mounting. \

During the test flights an area of heavy air turbulence was sought and found during a
descent passing a strong cumulus. The results are shown in fig. 8.
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Based on these data the thresholds for the second part of the flight test were fixed
as shown in the first column of table t.

OBSERVER DIFFERENCE SENSOR FAILURE
THRESHOLDS FACTORS

7 1.0 °/s
o 2.0 :/s
= 1.0 /8
n = 2.5
= 1.0
= 2.0 m/s
n = 4.0 m
Ngp = 2.0 m/s = 10 m/s
0.5 m/s? = 5 m/s?
0.5 -
0.25 %s -

o

=
L}

=4
(]
4 T XD e Q2 T N

3 /s
= 5 °/s
/s

=]
(]

o
[+

= 5 m/s

AR TR RN

o
i)
~

TABLE 1: THRESHOLDS AND SENSOR FAILURE FACTORS

4.2. APPLICATION OF SENSOR FAILURES

As represented in fig. 3 and fig. 4 sensor failures are generated by feeding additive
signals into one of the two sensor signal paths. This is done successively for each of the
sensors of one sensor package. Because the arrangement of the sensor packages is symme-~
trical with respect to both the control system and the observers, sensor failures are
applied to the SP1 only. Consequently the index 1 is omitted in the succeeding repre-
sentations. The plots of the failure signals are equal but multiplied with an individual
factor given in the second column of table 1. The common structure of the failure plots
is defined in fig. 9. Since the signal character of the sensor failures is important with
respect to their effect on the control system on the one hand and to the failure detecta-
bility on the other hand the plot of fig. 9 is partitioned into three different intervals.

Interval "10-60 sek"™: During this period the failure signal increases on a slight slope,
thus simulating a small drift of the physical sensor.

Interval "60-70 sek": A stationary offset is represented.

Interval "70-80 sek"™: A steep decrease to zero is simulating a high drift rate. Thus a
failure signal containing higher frequencies 1s represented.

The sensor failures were applied during a straight level flight in fairly calm air.
Thus the effect of the failures become clear because they are only little disturbed by
air turbulence or maneuvers. In fig. 10, fig. 11 and fig. 12 test results are shown re-
spective to failures in the @-sensor, the Vjypg-sensor and the p-sensor. In these figures
the plots of the most relevant variables are given showing in the first columns the system
responding to the complete failure signal profile without to be interfered by sensor
switching, In the respective second columns the operation of the switching logic becomes
obvious.

Fig. 10: The additive failure signal in the 0-sensor clearly shows up in the observex
difference ng and similarly in the filter output ngp. The aircraft motion itself is al~
most unaffected by this kind of failure, even during the steep decrease interval. The
failed sensor is detected when the filter output ngy increases beyond its threshold. At
this time the switch command signal appears. At the corresponding moment of fig. 10 b the
switching operations take place actually.

Fig. 11: The application of the failure to the Vypag-sensor shows results very much
different from those of the previous failure case. Here, the plant variable Vy,ag follows
the faulty measurement in the Vipg-sensor whereas during the low rate drift interval the
corresponding cbserver difference n, remains close to zero. This means that the observer
difference n, is unusable for the detection of slow drift rate faiiures. It indicates
only higher Xrlft rate failures as demonstrated during the steep decrease interval. But
low drift rates have an effect on the observer difference ng based on the coupling between .
speed and pitch attitude within the plant and its model. This relation can be used for
the failure indication particularly by the filter output ngp since the previously de-
fined disturbance threshold nypr is small due to the low pass filtering property. Hence,
this filter output activates the switching operations in fig. 11 b.

Pig. 12: These plots show an example of a failure in a lateral motion sensor. From a
systems theoretical point uf view this failure case appears to be similar to that of a

failure in the o-sensor in fig. 10,

Pailures of the remaining sensors can be classified either as similar to the failure
of the 6-sensor (r-, 8-, fi-, a -sensor) or as similar to the failure of the Vypg-sensor
(¢-, H-sensor). As far as the low drift in the ¢-sensor is concerned, the relation between
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bank attitude ¢ and yaw rate r is uttlized amplified in the filter output nyf. However,
for the H-sensor an equivalent relation is not existing. Hence drift failures in this
sensor must be declared as undetectable.

S. FURTHER REMARKS

In the presented concept sensor signals are considered as output signals of individual
sensors. But with many flight control systems more than one measurement signal are re-
ceived from one single hardware unit. For instance, with the presented example the pitch
6 and the bank attitude ¢ are obtained at the common inertial platform. Hence, it has to
be assumed that a failing platform generates failures in both outputs. But this failure
case is also covered because the function of the failure detection is preserved as long
as simultaneous failures are located in the same sensor package.

During the flight tests a fixed failure signal profile was used. But in order to assess
the performance of the detection concept, worst-case failures have to be applied. A
thorough study of this problem is given in [6] where optimal control methods are used in
order to define the worst-case failure of any sensor. At this place it can be noticed:

The low drift in the Vypg-sensor shown in fig. 11 is of the worst-case kind.

As already mentioned and described in more detail in [6], it is reasonable to choose
the observer dynamic as similar to the dynamic of the closed loop control system. But this
solution is not optimal in a strict sense. The optimization of the observer gain matrix
for the presented failure detection method is still an unsolved problem. But already at
this time it can be said that the design as a Kalman filter is not optimal. Neither the
performance index should be of a quadratic type nor the measurement noise can be assumed
48 Gaussian. Actually the optimization has to be done with respect to deterministic,
precisely definable sensor failures.

6. CONCLUSION

For the sensor part of a flight control system a diagnosis scheme has been developed.
Based on analytic redundancy a duplex sensor configuration supported by deterministic
observers achieves the fail-operational capability of a conventional triplex system. The
concept was applied to a flight control system of a transport aircraft. Flight tests
have shown that in principle the failure detection concept is feasible with commonly used
sensors. Only certain failures of the altitude sensor are undetectable due to the fact
that the altitude has to be considered as the state of a free output integrator. As far
as the operational performance of the detection concept is concerned it can be reported
from the flight tests that the performance was at least high enough not to upset the
pilots.
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Fig. 1: Flight control system with a fail-op duplex sensor configuration
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REPERCUSSIONS DE LA MAINTENANCE INTEGREE SUR LA

DEFINIT1uN DES EQUIPEMENTS EMBARQUES

Michel COURTOIS
AVIONS MARCEL DASSAULT - BREGUET AVIATION
78 QUAT CARNOT - 92214 SAINT-CLOUD

FRANCE

RESUME

La maintenance intégrée a pour but d'assurer la maintenance premier &chelon

des systdmes d'armes, et de ce fait doit permettre 1'identification d'URP

(Unités Remplagables en Piste) en panne et la validation des chaines
fonctionnelles, sans qu'il soit nécessaire de recourir & 1'utilisation
d'équipements extérieurs au systéme lui-méme. Ce concept est rendu possible

par les technologies numBriques actuellement utilisées et par une architecture

du systdme d'arwes adaptée. En particulier les systémes développés pour les
MIRAGE 2000 se prétent bien 3 ce type de malatenance du fait que les Equipements
sont reliés entre eux par un bus numérique 3 gestion centralisée, gestion assurée
par un seul calculateur dénommé principal ou tactique.

La maintenance intégrée comprend :
- Une maintenance réalisfe pendant le fonctionnement opératiocanel du systéme

d'armes, basée sur une surveillance permanente du foncti des &quip 8
et l'enregistrement des anomalies pendant le vol.

- Une maintenance réalisée pendant un fonctionnement particulier du systime
d'armes et permettant des tests plus profonds dans les &quipeaents ainsi que
la vérification de tous les &changes 4'information s'effectuant par le bus
nunérique ou par des liaisons point 3 point analogiques ou digitales.
Pendant ce foncti “"Maint " le systdme d'armes n'assure plus
aucune fonction opérationnelle.

La premidre partie de 1'exposé présente les implications matérielles et logicielles
des fonctions de maintenabilité accomplies par les &quipements en distinguant :

- les dispositifs exploités pendant le fonctionnement opfrationnel

- les dispositifs exploit&s pendant le fonctionnement maintenance.

La seconde partie de 1'expos&, décrit les logiciels de la maintenance intégrée au niveau
du calculateur principal du systdme, gérant le bus numbrique.

1 = INTRODUCTION

Dans les systdmes d'armes organisés autour d'un bus numérique multiplexé 2 gestion centralisée,
1'organisation des &changes d'informations est le fait d'un &quipement "Maitre” (Calculateur principal
ou tactique) gérant un flot d'informatfons circulant sur un support filaire unique. Afin de minimiser
le noabre et 1'ampleur des &quip s de maint extérieurs 2 1l'avion, {1 faut s'efforcer 2 ce
que le moyen privilégié permettant les &changes d'informations "opérationnelles” soit ausei le moyen
priviléglé d'échange des informations et des procédures de maiatenance.

Par ailleurs, et surtout en ce qui concerne les Equipements organisés autour d'un opérateur
programaé, le test par simulation de fonctionnement doit #tre remplacé par un test décomposé en
plusieurs séquences permettant de vérifier 1'intégrité des différentes parties de 1'Equipement de
facon autonome et aussi complitement que possible. D'autre part, le principe de maintenance intégrée
doit sboutir 3 ce que chaque &quipement concoure 3 ls maintenance globale du systdse d'armes.

L'&tude de la maintenance intégrée pour un systdme d'armes donnd débute dds la conception des
&quipements et de l'architecture du systdme. A cet effet la Socifté AMD-BA a rédigé un document de
spécifications générales de maintenabilité des Equipements qui a pour objet d'obdtenir uae bonne
homogénéité des procdures de maintenance s'appliquant 3 des sous-ensewbles fonctionnellement
similatres et d'établir un premier schéma de la maintenance générale du systiwe. Ensuite débute une
phase d'8tude complite de 1'application des spcificstions Equipement par Squipesent afin d'obtenir
une définition détaillbe des dispositifs logiciels et/ou matériels de saintenance dans les &quipements.

I1 est Gvident que 1l'ensemble des dispositions de maintenabilité su premier &chelon spplicables 2
un Squipement conduit nlcessairement A des augmentations de matfriel et/ou logiciel embarqués.

Ces augmentations doivent &tre contrdlées et réfléchies car elles peuvent entrainer :
- une rfduction de fiabilité
= une diminution de la sécurité
= une augmentation des masses et volumes
= une sugmentation du prix du matériel.

— T e —r————
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11 est donc nécessaire dans tous les cas d'examiner ces aspects de fagon 3 rfaliser un coaproais
acceptable entre toutes ces exigences qui sont parfois contradictoires. A titre indicatif nous avons
fixé les limites suivantes : !

. Le pourcentage d'instructions directement lifes 3 la maintenance par rapport 3 1l'enseable des |
instructions d'un logiclel d'&quipement ne doit pas dépasser 15 3 20Z.
. Le pourcentage des &l&aents mstériels directement 1iés 3 la maintenance par rapport 2
1'ensenble des &léments matériels de 1'Equipement ne doit pas dépasser 10 A 12X.
Ces chiffres sont discut@s pour chaque &quipement afin d'aboutir au meilleur comproais.

La maintenance intégrée comprend deux parties distinctes :

- Une maintenance réaiisée 3 partir des tests et autotests qui ne perturbent pas le fonctionnement
opérationnel du systdme d'armes et qul est donc effective avion en vol ou su sol. Ces tests et
autotests n'ont pas, A& eux seuls, un taux de couverture suffisant pour assurer une maintenance
premier &chelon satisfaisante.

- Une maintenance r€alisée 3 1'aide de procédures perturbantes pour le fonctionnement opératioanel du
systdme d'armes permettant de compléter les tests systdmes et autotests &quipements. Cette seconde
partie de la maintenance intfgrée est obtenue par l'utilisatfon d'un amode de fonctionnement
particulier du systéme d'arwes appelé “"fonctionnement maintenance au scl”. Dans ce mode, les &qui-
pements abandonnent leur fonctionnement opérationael pour n'effectuer que des tiches strictement
maintenance ayant pour objet de compléter la vérification de leurs fonctions internes et de coopérer
3 la saintenance systdme : en particulier donner la possibilit& de vérifier tous les &changes
d'informations effectus soit par le dus multiplexé soit par les liaigons point 3 point numériques
ou analogiques.

Ces deux aspects complémentaires de la maintenance intégrée conduisent 3 la réalisation de deux

familles de dispositifs matériels et logiciels de maintenabilité aussi bien pour les &quipements que
pour le gérant du bus wmultiplexé.

2 - MAINTENABILITE DES EQUIPEMENTS

Les &quipements d'un systime d'armes intégré peuvent 8tre classés en cinq types :

- Les &quipements analogiques ou 3 logique cdbl&e non reliés su bus numérique multiplexé

- Les &quipements 3 processeurs non relifs au bus numérique wultiplexé -

- Les &quipements 3 logique cdblée reliés au bus numbrique multiplexé

= Les &quipements A processeurs reliés au bus numérique multiplexé

~ Les &quipements 3 calculateur universel reliés au bus numérique multiplexé.
La maintenabilité des Equipements comprend deux séries de dispositifs :

- des dispositifs qui sont opérants pend le foncti opérationnel

= des dispositifs qul ne sont opérants que pendant le fonctionneament maiatenance. ! l

2.1 - EgulEeuentl analogiques ou 2 logique cdblée i i
Ces &quipements sont considérés comme n'étant pas relifs au bus nuaérique multiplexé et ne sont !

capables que du seul fonctionnement opérationnel : leur maintenabblit$ est de type classique.
Ils comporteat :

= Un certain nombre de dispositifs matériels surveillant une part plus ou moins importante des '
fonctions réalisées. Cet ensemble de surveillances doit aboutir 3 la confection d'une !
information transmise par un discret vers un autre &quipement qui, relié au bus, le trans- N
mettra au gérant du systime.
Un dispositif permettant de positionner les informations de sortie de 1'&quipement

. soit 3 une valeur définie

. soit 3 ua 8cart connu par rapport A une valeur actuelle. !
Ce dispoaitif doit appliquer les informations de positionnement le plus en amont possible sur
les chaines de traitement. La mise en oeuvre de ce dispositif, perturbant pour le fonction—
nement opérationnel de 1'&quipement peut &tre déclenché

« manuellement par un bouton—poussoir fugitif

. §lectriquement par l'intermfdiaire d'un discret provenant d'un &quipement connecté au bus

numérique. '

Le terme "informations de sorties” recouvre auss{ bien les informations "Electriques” (par exemple
valeur de tension) que les informations visualisbes au pllote par 1'lnterabdlaire d'aiguilles,
de drapesux etcC...

Par atlleurs, i1 y a lieu de considérer deux types de tests déclenchés : '
- Les tests "pilote” dont le déclenchement s'effectue uniquemeat en cockpit lors du vol ou i
loreque 1'avion est eu sol, sur action du pilote. Pour ce type de test, le retour 2 la
configuration “"opfrationnelle” de 1'équipement 3 la fin ou 3 1'interruption du test doit
se faire dans un temps inférieur 3 1 seconde.
~ Les tests “"mfcanicien” dont le déclenchement s'effectus soit em cockpit solt directemeat sur
1'6quipement quel que soit le mode de fonctionnement du cystdme : opérationnel ou malntenance.
Pour ce type de test, le retour au fonctionnement hors test s'effectue dsns un temps pour
lequel {1 n'y a pss de splcifications particulidres.

Pendant le dfroulemsnt de la séquence de test, l'information de bon fonctionnewent disparait et ne
revient 3 1'6tat bon fonctionnement qu'une fois la slquence achevée, c'est-2~dire su moment du i
positionnement "test” des sorties. Par ailleurs, un discret "test en cours” doit dtre envoyd vers .

le systime. . '
t
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2.2 - Equipements 2 processeur non reliés au bus numérique wultiplexé
Ce type d'&quipement comporte une partie fonctionnelle de base (fonctlon capteur) assoclée i un
processeur. La maintenabilité de la fonction de base est assurée de la méme manidre que pour les
&quipements analogiques ou 3 logique clblée.
Les dispositifs de test su niveau du processeur sont les suivants :
~ Test de la mémoire programme
L'intégrité du contenu mémoire programme est vérifife par 1'intermédiaire d'une somme de
contr8le {check-sum) s'exercant pendant tout le temps de fonctionnement de 1'&quipement.
Cette somae de contrBle doit &#tre au moins l'addition de toutes les instructions contenues
dans la mémoire programme et comparaison du résultat avec une valeur de consigne inscrite
dans cette mémofire programme.
- Test des unités arithmétiques et logiques (Unité Centrale)
Ce test est effectué par la réalisation d'un calcul-type ayant pour but de faire foactionner
un maximum de circuits.
- Test du déroulement de programme (Watch dog)
Ce test est effectuf sous forme d'une instruction exécutfe cycliquement, aysnt pour effet
de réarmer un dispositif matériel (monostable réarmable). En cas de non-exécution de cette
tastruction dans la fenBtre de temps de réarmement du dispositif, une information de mauvais
fonctioanement est disponible.
- Test des codeurs d'entrée/sortie
Dans le cas ou 1l'&quipement possdde ces deux dispositifs, un test des codeurs est exécuté
suivant la procédure suivante :
« Sur une vole du codeur numérique/analogique : demande de codage en analogique d'umne
valeur nunérique connue par programme.
Rebouclage de cette information analogique gur une voie du codeur analogique/numérique
qui 1la transforme en numérique.
« Comparaison du résultat avec la vuleur d'origine.
Dans le cas ol 1'é&quip ne dde qu'un cod analogique/numbrique le test s'effectue
par codage, sur une voie, d'une vale\u- de tension de ré&férence interne 2 1'Equipement et
comparaison avec la valeur numérique témoin correspondante.
L'enseable de ces autotests s'effectue en tidche de fond prograsme et ne perturbe donc pas le fonc-
tionnement opérationnel de 1'&quipement, 1ls contribuent 3 1'&laborstion d'un signal de bon
fonctionnement global.

Traitement du résultat des autotests

Autotests foncttonnel-

Pour chacun d'eux, un filtrage peut &tre effectué par 1'Equipement lui-méme. L'indication de panne
vers les Equipements périphfriques doit 8tre cohérente avec le filtrage, c'est-d-dire que ce n'est
qu'd 1'issue du filtrage que 1l'on positionnera les informations d'&tat A bon ou 2 msuvais fonction-
nement .

Autotests Processeur
Tests UAL ou UT
Somme de contrdle
Test de parité
Test de la zone aémoire de travail si celui-ci s'exerce en permanence.
Tous ces autotests, en cas de déclenchement ont pour effet 1'arrdt du prograsme sans qu'aucun
filtrage ni temporisation ne soit effectu€, et 1'indication de panne doit &tre immédiate.
Le chien de garde peut déclencher de deux manidres :
- d'une part, suite A un arrlt programme occasionnd par le décleachement d'un des autotests
précédents.
- d'autre part, par la non exfcution de l'instruction de réarmement du chien de garde dans le cas
ol les autotests précéd ne déclench pas.

v Ainsi, le chien de garde est, indirectement, le OU logique des résultats des autotests du processeur.
La retombée du chien de garde doit entrainer 1'arrdt du programe. Lorsqu'un sutotest est déclenché
entrainant 1'arrét du prograame, plusieurs cas sont possibles :

- Lorsque le programme est enregistré dans une mémoire fonctionnant en cycles "lecture-fcriture”
(tores ...) l'arrdt doit &8tre définitif jusqu'd la mise hors tension du systime d'armes.

i - Lorsque le programme est enregistrd sur une wémoire "worte™ (ROM, PROM, REPROM, etc.) 1l'arrdt

programme

! | « doit 8tre définitif jusqu'd la mise hors tension du systdme d'armes pour les &quipe-

ments ayant besoin du "pasaé” pour continuer de fonctionner correctement.

. « peut $tre temporaire pour les Equipements travaillant en temps réel et n'ayant pas
besoin du "passé” pour travailler correctesent : dans ce cas, une sfquence de réini-
tislisation 1'équipement peut 8tre entreprise et réalisée une ou plusieurs fois.

« $1, au terms d'un certain nowbre de tentatives de réinitialisation {1 est
impossible pour le processeur de travailler correctement, l'arrdt progtemme seva
définicif jusqu'd la ajse hors temsion du systdme d'arwes.

« S1 la prochdure de réinitialieation du processeur aboutit 3 un fonctionnement
correct 1'Squipement est réinitialisé normalement svec disparition de 1'{ndication
de panne.

= I1 faut resarquer qu'une coupure rfseau sera interpréte par les Squipements comme une remise

sous teasion aprds coupure du systdee d'armes.

- En cas 4'arrft programme, les sorties analogiques (hors bus) de 1'Squipement sont positionnfes

dans un 6tet non dangereux ou préférentiel

. pour la sbcurité de vol

« pour les &quipements périphériques.
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Tests 3 1'initialisation du processeur

A T'lnitlalfestion du pr L 1'Equip » en tiche principale, effectue les autotests
suivants @

- Test des Unités Arithmétiques et Logiques

- Somme de contrdle de la wmémoire programme

- Test de la zone nfmoire de travail.
L'ordre dans lequel g'effectuent ces autotests importe peu. Lorsque le processeur a satisfait i
ces contr8les, le programme est lancé et le chien de garde est ammé pour la premidre fois.
Ensuite, les autotests processeur sont exécutés en tlche de fond (3 1'exception du test de la
zone uémoire de travail dans la plupart des cas).

H 2.3 - Equipements & logique cdblée reliés au bus numérique multiplexé

Le couplage au bus numérique multiplexé s'effectue par 1'interwddiaire de deux &léments :
= Le coupleur standard du bus (COS) qui permet de recevoir et d'émettre les fnformations sur le
bue. Ce diepositif est commun 3 tous les Equipements relifs au bus.
~ Le coupleur sous-systdme (CSS) qui permet 1'orgenisation des &changes eatre le COS et 1'Equipe-
ment lui-wéme, et contient en particulier lee tables d'&changes bus.
La maintenabilité des Equipements 3 logique ciblée reliés au bus est la slme que celle décrite au
paragraphe 2.1 mais le fait d'2tre relié au bus permet la réslisation de dispositifs complémentaires
de test utilisés pendant le fonctionnement opérationnel ou le fonctionnement maintenance du systime
d'armes.

Malatenabilité pendant le fonctionnement opérationmel

En plus des dispositifs décrits au paragraphe 2.1 ce type d'équipement possdde les possibilités
sulvantes :
~ Surveillance des niveaux d'alimentation pour l'alimentation du COS. Les alimentations du C0S
sont surveillées de telle manidre que lorsqu’ils n'ont plus les tolérances persettant
d'assurer un fonctiounemeat correct du coupleur bus, ils fnhibent 1'Eaission sur le bus.
- Test de connexion : Ce test & pour objet de reboucler une information regue par le COS sur ses
circuits d'Gmission et retransaission sur le bus. Ce test est piloté par le gérant et n'a pour
r8le que de vérifier le bon fonctionnement des circuits du coupleur de bus. Ce test est
cyclique.
. - Mot _de validité et d'Etat -,
Chaque &quipement relif au bus doit &laborer et transmettre sur le bus 3 destinatfion du gérant
et des périphfriques un ou des wmote de validité et d'€tat. Les informstions de validité
déterminent la validité des informations qui sont &labor&es par 1'équipement. Les informations
d’Etat sont des informstions de panne. I1 existe donc une relation entre les informstions de
validité et d'Etat. Un &quipement constitué d'une seule URP doit envoyer un wot d'état dont
les bits repriseatent le rsultat de chaque autotest permanent dont il est cspable et un bit
de synthdse de psnne. Ces bits seront traités ultérieurement au niveau calculateur principsl
ou gérant. Un Equipement constitué de plusieurs URP envole un ou plusieurs mots d'étate qui :
. doivent &tre le compte rendu du boan fonctionnement ou de la panne de chaque URP de i
1'équipement, la logique de traitement &tant effectue dans 1'Equipement lui-mime.
. peuvent &ventuellement &tre le compte rendu du résultat des autotests permanents des .
&équipenents. '

Les bits noan utilisés des mots d'Etat sont forcfs 3 1'état “Bon Fonctionnement” .

Le fonctionnement msintenance est rfalisé principalement par une trame d'&change bus adaptée aux |
besoins de la msintenance. Les &quipements 3 logique cliblée ne peuvent pas changer de mode de
fonctionnement. Cependant, un certain nombre de dispositifs soat prévus.

~ Test des entrfes analogiques
Par anslogique, {1 faut comprendre : l'enseable des informations qui ne sont pas échangbes par

le bus numbrique aultiplex$. L'Equipement doit &tre capsble de coder toutes les {nformations

qu'il regoit en dehors du bus (discrets, tension-synchros, analogiques etc..) et de les '
retransmettre sur le bus. Les informations qui ne sont pas envoyfes sur le bus lors de la

trame opérationnelle d'échanges d'informations le serout sur la trame “maintensnce”.

4 -~ Test des sorties snalogiques
| N O Les &quipements doivent avoir la possibilicé de positionner leurs sorties analogiques 3

| certaines valeurs 3 partir de cosmsndes psrvenant par le bus, Le positionnement peut avoir !
| 4 pour origine :
. un mot bus regu positionasat une ou plusieurs sorties
. un mot bus déclenchant un ou plusieurs dispositifs de positionnement dans le cas od
4 1l n'y a pas de recopie directe d'informations veSues par le bus. Les positionnements
i se font :
- soit A une valeur définge
- soft & un &cart par rapport 3 une valeur actuelle.
Pour les kquipements ayant une fsce parlante, les Sléments sur lesquels on peut faire une
lecture visuelle sont considérés comme sortis analogique.

- Rcbouclﬂe des sorties analogiques
Pour forer la quslit® du diagnostic 4'URP en paane, il est demandé que 1'Squipement soit

capable de reboucler sut le digibus A travers les codeurs, toutss les informations de sortie
analogiques et le rebouclage doit tre fait le plus en svel possibdla.
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2.4 - Equi ats 3 processeur reliés su bus nusérique sultiplexé
Ces Eulpmnn sont capables d'un fonctionnement maintenance différent du fonctionnement

opfrationnel et constituent la majorité des &quipemants des systises d'arwes modernes.

Ces &quip disp de tests déclenchés globaux, ils s'exécutent dans les mimes
conditions que dicrit au paragraphe 2.1 pour les &quipements analogiques ou 3 logique cBblée.
L'information test en cours doit #tre inscrite, de plus, dans le mot de validic$ et d'Stat.

Un certsin nombre de dispositifs d'autotest sont développls pour surveiller le fonctionnement hors
processeur de ces &quipements. De plus, la surveillance des alimentations du COS doivent aboutir,
en cas de défaut détect®, 3 1'inhibition de la fonction Emission sur le bus.

Ces teats sont les admes que ceux décrits su paragraphe 2.2, 3 savolr :
+ Test de la mémoire programme.
. Test des limites arithmftiques et logiques.
+ Test du déroulement de programme.
+ Test des codeurs d'entrde/sortie.

|

La sanction de ces autotests doit aboutir non seulement 3 1’arr#c programme en cas de détection
d'erreur mais aussi 2 1'inhibition du dialogue bus en &mission. Les possibilités de vé&utiliser un
&quipement défaillant décrites au paragraphe 2.2 sont toujours valables ici et en cas de réini-
tialisation correcte, 1'inhibitfon de 1'émission bus doit Btre levée. En faft, dans la plupart des
cas, c'est le chien de garde qui inhibe ou désinhibe le dialogue bus suivant qu'il indfque "panne”
ou "bon fonctionnement”.

Test 3 1°initialisation du processeur

Ces tests sont les mimes que ceux décrits au paragraphe 2.2, Le dialogue bus ne sera autorisé que
si le chien de garde indique "bon fonctionnement™.

Deux cas sont possibles :

« Le chien de garde est forcé 3 "Bo. fonctionnement” pendant la phsse d‘'initialisation et donc
le dialogue digibus est possible mais alfatoire. Dans ce cas, pendant la phase d'initisli-
sation, 1'Gquipement doit &crire dans son MVE une informstion “"initialisation en cours”™ qui
disparaitra quand le programme sera lancé.

« Le chien de garde n'est araé qu'apris lancement du programme. Dans ce cas, le dialogue digibus

* de 1'8quipement sera toujours valide.

Tests bus
Ces Euipc-enu sont capables
. du test de connexion (voir paragraphe 2.3).
. du test conversationnel sur une position d'entrbe/sortie.
Ce test consiste a effectuer les opérations suivantes :
- Réception d'un aot de test lors d'un cycle d'&change et rangement dans une mbmoire
"Réception”.
- Transfert de ce mot, sans traitement ni calcul, dens une méwoire "Emission”.
- Eafssion de ce wot sur le bus lors du cycle d'fchange bus suivant.
La valeur du mot test change 3 chaque réception dans 1'&quipement.
Par ce moyen, on compldte le test du COS et on donne la possibilité de vérifier que le
processeur de l'Equipement &tablit correctesent le dislogue en réception comme en émission.
La gérant du systime pilote ce test et en déduit des panves Eventuelles.
Mot de validité et d'Gtat.
Le mot de validité et d'&tat est &laboré et émis cycliquement sur le bus nusérique dans les
! almes conditions que décrit dans le paragraphe 2.3

- Huintenabilité pendant le fonctionnement maint

' Le fonctionnement msintenance de ce type d'Equipement est déclenché par une commande délivrée par
le gérant du bus, valable pour tout le systime d'armes. A la réception de cette commande, les

Equipemants abandonnent leur fonctionnement opérationnel pour n'effectuer que des tiches purement
asintensnce aises en oeuvre 3 1'aide de la trame d'&change appelée "Trame aaintenance au sol”.
Le fonctionnesent msintenance est divisé en deux parties : .
7 + Les fonctions logicielles waintenance de base dont 1'exécution est déclenchée dds la d K
4 W délivrée par le ghrant du bus.
. g « Les fonctions logicielles déclenchées par 1'opérateur en fonction de ses besoins.
K] Yonctions logicielles de base : elles permettent .
. Le codage et 1'Smission sur le bus multiplexé des ifnformations analogiques d'eatrée (par DU
analogique {1 faut entendre toutes les informations &changfes en dehors du bus). L
t . Positionnement des sorties “analogiques™ de 1'&quipement d partir d'ordres provenant du bus. K
. + Rebouclage des sorties "analogiques” permettant le lever de doute eatre deux URP lors d'une
recherche de psone.
Ponctions logicielles déclenchfes
. Tests iﬁmm. Ces tests ont leurs n;oﬂn-u résidents dans la slmoire programme de
1'6quipement ot sont déclenchéa psr une dans un mot parvenant par le bus.
« Chatgement de logiciel de test. Les Equipewments sont capables de recevoir per le bus
un logiciel qui est chargé dans ls sove wmoire vive, et est exbcuté par 1'unité centrale
sur comsande parvensat via le bus.
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Edition du contenu mémoire programme. Cette possibilité est demandée pour tous les &qui-
pements et est surtout utilisée au 23me &chelon de maintenance pour le contrdle bit & bit de
1'intégrité du contenu mémoire programme. Les &quipements ayant une sfmoire 3 tores ou EEPROM
doivent pouvoir non seulement &diter leur contenu mémoire par le bus mais ausel pouvoir 2tre
chargés A partir du bus. Ce dispositif de lecture-fcriture peut 8tre utilisé su ler &chelon.
Test conversationnel complet. Ce test consiste 3 :

- Recevoir un certain b de ages p tant de reaplir complitement toutes les
afmoives "Réception” des &quipements. Les informations ou les messages sont regus avec
les adresses correspondant 3 1'ensemble des adresses véception que 1'Equipement utilige.
Le contenu est vérifi& par 1'Squipement i l'aide d'une somme de contrdle.

- Emettre des informations sous forme de messages-tests en utilisant toutes les adresses
éoission de 1'€quipement concerné. Le gérant du bus vérifiera, par une somme de contrdle
que tous les messages ont correctement &té Emis par 1'Equipement sous test.

Test du chien de garde. C'est un test ayant pour but de faire d&clencher le chien de garde
et donc d'iahiber le dialogue bus en émission de 1'Equipement.

.

2.5 Equipements 3 calculateur universel relifs au digibus
Ce type d équipement comporte un calculateur travaillant avec une afmoire de masse extérieure, généra-

lement constitube par un disque ou une bande magnétigue. La particularité de cette structure est que
les zones “mémoire programme” et "afmoire de travail” ne sout plus fixes wais variables et iabriquées
entre elles. Il s'en suit que les spécifications exposées au paragraphe préc&deant ne s'sppliquent plus
de la sime manilre au niveau processeur.

- Test_de la ofmoire prograsme résident

11 est assur par une somme de contrdle s'exergant en fond de tSche programe.

« d'une part 3 la fin du chargement dans la mémoire fnterne du calculateur du programae 3 exécuter.
Cette somme de contr8le doit s'effectuer en tiiche principale avant tout lancement du programme.

. d'autre part, pendant tout le temps de fonctionnement de 1'Equipement une fois le prograame
lancé (en fond de tiche).

Une fois le prograame lanc&, on peut confondre les deux sommes de contrSle et n'en effectuer qu'une
seule en additionnant les imstructions :

- du programme résident

= du programae exécutable
et en comparant le résultat obtenu avec la somme des deux valeurs de consigne.

La umoire de ma
. Inscrire dans la mémoire interne du calculsteur un programme A exécuter.
. Inscrire dans la mémoire de masse un certain nombre d'informations qui seront traités ultérieu-
reament.
Le coupleur mémoire de masse a donc une {mportsace essentielle et il faut s'assurer en permanence
que les échanges d'informations se font correctement dans les deux sens. Le test de ce coupleur est
réalisé par 1'inecription d'informations test sur ls wbmoire de masse puis relecture avec vérifi-
cation. Ce test est effectué en p pendant le foncti opérationnel de 1'&quipement.
La stme rigle est appliquée lotsque 1'Equipement est relil directement A une unité de gestion
d'entrée~sorties sutonome (unith de gestion bus par exemple) ou un périphérique standard
(télé-1imprimeur).
Aux différences décrites ci-dessus, les spécifications décrites su paragraphe précédent s'appliquent
entidrement 3 ce type d'équipement.

3 - LOGICIELS DE MAINTENANCE INTEGREE DU GERANT BUS SYSTEME

3.1 - Logiciels ex$cutés pendant le fonctionnement opérationnel

3.1.1 - Test _de connexion
Ce test est destiné 3 vérifier qua les coupleurs standards de bus (COS) fonctfonnent correctesent.
Le gérant bus systime vérifie cycliguement que tous les Equipements relils au dus anumbrique multi-
plext envoient un bkcho-test correct.

3.1.2 ~ Tast_conversationnel sur_une position
Ce tast est destink & vérifier que les Gquipemente relifs su bus numbrique wultiplexé dialoguent
correctement en reasvoyant une informstion-test. Le résultat de ce test n'est pris en compte, pour

un Squipement, que dans la mesure ol son test de comnexion n'indique pas de panne.

3.1.2 - Comptes rendus_de msintenance
Les Comptes Rendus de Meintenance (CRM) permettent, en exploitant les rlsultats des sutotests
permanents non perturbants des Squipements, de connaltre 1°'Stat du systdae d'armes. L'intlrdt de
ce dispositif et d'sutant plus grand que le taux de couverture des sutotests des Squipements est
Slevé. Lo logiciel des Comptes Rendus de Maintenance a deux modes de fonctionaement :

~ Les Comptes Rendus de Vol (CRV) : c'est la mlmorisation et la datstion de tous les évinements
de panne dbtectbs par les sutotests entre 1¢ soment du décollage et 1'imstant de 1'atterrissage.
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Ils permettent d'obtenir, au sol :

. la visualisation des &quipements ou des URP qui sont tombés en panne pendsnt le vol, et
qui ne sont pas revenus 3 1'E£tat de Bon Fonctd au du toucher des roues
(atterrissage).

+ la visualisation de i'historique de vol, qui permet de counaltre dans quel ordre et 3
quelles dates (en temps de vol) les &quipements sont passés 3 1'Etat de panne.

=~ Les Comptes Rendus Sol (CRS) : c'est la possibilité de présenter au wécanicien ou au pilote
1'Stat instantanné du systdme d'armes du point de vue des pannes, avion au sol. 1l n'y & aucun
enregistrement dans la wémoire du gérant et présentation :
. soit des &quipements ou des URP en panne
. soit des mots d'information de panne de chacun des !qutpe-enu suivant une sélection
pacticulidre

en tewps réul.
L'exploitatiou des Comptes Rendus de Maintenance ne peut s'effectuer qu'au sol.

3.1.3.1 - Constitution des Comptes Rendus de Maintenance
Les Comptes Rendus de Maintenance comporteant plusieurs informations :
- un Mot d'Etat et d¢ Panne (MEP)
- un code Equipement
< un code de type de panva
- un mot de datation.

3.1.3.1.1 - Mot d'Etat et de P-nne
Les mots d'Etat et de Panne (MEP) sont constitués 2 partir
- des Mots de Validité et d'Ecat (MVE)
- des mots de mode
- des surveillances exercées par le gérant sur le dialogue digibus des &quipements
- des surveillances particulidres.

Mot de Validit ec_d'Etat (MVE)
Tn MVE est Emis ‘Par chaque $quip t té au digibus.
Ce mot comprend deux parties :

- Une partie "validité” qui indique aux &quipements utilisateurs des i{nformstions générées
sur le digibus que ces informations sont utilisables ou non.
Cette partie ds MVE n'est pas prise en compte pour 1'flabdoration d'un Mot d'Etat et de
Panne (MEP).

- Une partie “ktat”™ (sous-entendu de pannes). Cette partie contient le compte rendu du
résultat des autotests que l'Squipement déroule en permanence et &ventuellement un bit de
synthdse de panne par URP pour les &quipements multi-URP.

Mot de Modes (MM)

Ce wot {ndique le mode dans lequel 1'&quipemeat fonctionne. C'est da.'s ce mot que l'on trouve
1'information “Test en Cours”. Le wot de mode, ou une partie de ce mot, est pris ea coapte
pour 1'&laboration d'un MEP.

Surveillance Digibus

Le dialogue Digibus de tous les Equipements qui y sont connectés est surveillé par le gérant
du systime qui déteraine des pannes dislogue Eventuelles.

Surveillances Particulidres

Ces surveillances sont de deux ordres :

~ Les &quipements non connectés au digibus ont un certain nombre d'sutotests qui reaseignent
sur leur §tat. Ces autotests concourent 3 l'Elaboration d'un ou de plusieurs discrets de
bon fonctionnement qui sont transais

. soit vers le gérant du systdme

. soit vers un §quipement qui, relié au Digibus, le trausmettra vers le gérant.
Le ghrant & donc la possibilité de confectionner un MEP pour 1'Squipement émetteur des
discrets de bon fonctionnement en question.

- Les &quipements envolent soit vers le gérant soit vers d'autres &quipements un certain
nombre d'informations analogiques ou Digibus. Les &quipements récepteurs peuvent faire des
tests de vraisemblance sur les informations qu'ils re¢oivent, et peuvent donc détermiaer
des pannes sur les "fmetteurs”.

Les résultats de ces surveillances sont :
. s0oit directement &laborés par le gérant lorsqu'il effectue lui-sbme ces contrlles
. soit disponibles dans un Equipement relik au digibus qui les retranssettra vers le
gérant.

Le MEP est donc le rassemblement de toutes ces informations sur 2 wots de 16 bits dans lesquels
on trouve :
- des bits qui donnent le résultat des sutotests d'un Squipement
= des bits qui donnent le résultat des surveillances effectufes sur un $quipement par ses
périphiriques ou le ghrant du systdme.
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3.1.3.1.2 - Code Equipement
Chaque équipement faisant 1'objet d'un CRV possdde un code qui n'a de valeur que pour le gérant
du systéme. Les &quipements sont ainsi hiérarchisés implicitement dans la table des Comptes
Rendus de Maintenance. Ce code &quipement comprend 8 bits.

3.1 3.1.3 - Code de type de panne
types de panne peuvent &tre déterminés. Le code de type de panne comprend 2 bits.

Pannes_de type 1 : Ce sont les pannes déterainfes par les autotests des &quipements, ou par le
gérant sur leurs tests dialogue Ce type de panne permet de considérer que la maintenance est
réalisée par 1'Echange de 1'URP fautive sans qu'il soit nécessaire d'effectuer des recherches

complémentaires.

Pannes_de type 2 : Ce sont toutes les pannes autres que celles déclares par les Equipements
eux-mémes par 1'intermédiaire de leurs autotests ou le gérant sur la qualité du dialogue.
Ce sont donc des pannes détect&es par les “surveillances particulilres”. Dans ce cas, il y

peut-2tre lieu d'effectuer des recherches compl&mentaires avant de déposer 1'URP. :

Pannes_de type O : Dans le cas od il y a panne puis retour 3 bon fonctiounement, il y a

indication de type de panne 0 au moment du retour 3 1'&tat bon fonctionnement.

Pannes_de type S : Dans le cas ol une URP a fait 1'objet de dix enregistrements de panne pendant

le vol, elle est présentée avec indication de type de panne "S" pour "SATURANTE", quel que soit
le type de panne du dernier enregistrement : "1", "2" ou "0".

3.1.3.1.4 - Mot de Datation
En vol, chaque compte rendu de maintenance est enregistré en mdme temps que l'heure 3 laquelle
la panne correspondante a eu lieu. Cette heure est exprimbe en nombre de cycles longs d'échange
Le LSB de ce mot a une valeur de 160ms dans le cas du MIRAGE 2000.

3.1.3.2 -~ Constitution des Comptes Rendus de Vol (CRV)
Les Comptes Rendus de Vol gsont la mémorisation des Comptes Rendus de Maintenance entre le mowent
du décollage et le moment de l'atterrissage, dans la mémoire du calculateur gérant. Cette table
est mémorisfe dans une zone RAM ou RAX protégée.

3.1.3.2.1 - Datation
Le compteur setvant 3 dater les CRV est mis A zéro une premidre fois lors du passage sur la
position "Navigation” du Sélecteur de Mode de Navigation. Lors du décollage, matérialisé par
1'information "Train détendu” le logiciel des CRV doit enregistrer la valeur de ce compteur.
Ceci permet de connaltre l'heure de d&collage par rapport au passage en "Navigation™. Dans
le m8e temps, ce compteur sera reais 3 zéro afin de pouvolir dater les CRV par rapport au moment
du décollage.

3.1.3.2.2 - Remigse & zéro de la table des CRV
La table des CRV est remise 2 zéro lors de la premidre information “train détendu” consécutive
3 la mise sous tension du Systdme d'Armes.

3.1.3.2.3 - Enregistrement des CRV

Au moment du dé&collage, (train déteandu) il y a :

- Remise 3 zéro de la table des CRV (du vol précédent)

- Enregistrement de 1'heure de d€collage (par rapport au passage en NAV)

- Remise 3 z&ro du compteur horaire

- Comparaison des MEP constitués dans le preaier cycle long suivant le décollage et comparaison
avec le profil "Bon Fonctionnement” de chacun d'eux.

Ensuite, il y a constitution et mémorisation d'un CRV :

- lors du passage d'un MEP de 1'&tat Bon Fonctionnement 3 1'état panne

- lors du passage d'un MEP d'un &tat de penne d un autre &tat de panne

- lors du passage d'un MEP d'un &tat de panne 3 1'&tat de bon fonctionnement.

Chaque MEP fait 1'objet d'une comparaison par cycle long d'échange (160ms). La némorisation des

CRV s'arrdte loreque le contact de train indique "Sol” (Train &crasé).

3.1.3.2.4 - Limitations
~Un MEP donné ne peut &tre enregistré que 10 fois au saximum au cours d'un vol
- Le noebre total de mémorisations de CRV est limit& & 128 pour un vol.

3.1.3.2.5 - Voyant magnétique

Tout enregistrement dans la table des CRV fait basculer un voyant magnétique sur le tableau
mécanicien, L'enregistrement de 1'heure de décollage ne fait pas basculer ce voyant qui est
réarmable manuellement au sol.

3.1.3.3 - Constitution des Comptes Rendus Sol (CRS)
Les Comptes Rendus Sol sont constitués par une table non sauvegardée dans le gérant du Digibus.

Cette table est constitule par les comptes rendus de maintenance instantannés de tous les
&quipements du Systdwe d'Armes.

Dans le CRS :

- La datation est forcbe 3 zéro

- Il n'existe pas de panne de type "SATURANTE".
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3.1.3.4 - Procédure de visualisation des Comptes Reandus de Vol
Ta visualisation des Comptes Rendus de Vol s'effectue sur la T8te Basse, au sol.

3.1.3.4.1 - Visualisation des pannes existant 3 1a fin du vol
La liste des URP en panne au moment de 1'atterrissage est présentée en t&te basse.

11 apparait :
- Une l3re colonne de mnémoniques de couleur verte, surmogtée du chiffre 1 tracé em vert.
Les anémoniques de cette colonne correspondent aux URP en panne de type 1.
- Une 2&me colonne de anémoniques de couleur ambre, surmontée d'un 2 ambre.
Ces mnémoniques indiquent les URP en paune de type 2.
- Une l3me colonne de mnémoniques de couleur rouge surmontée d'un S rouge.
Ces mnémoniques indiquent les URP en panne saturante (type S).

Chaque colonne comporte au plus 16 moémoniques. Lorsque le gérant demande la visualisation de
plus de 16 unémoniques dans une colonne, la td3te basse ne visualise que les 16 presiers et
présente un astérisque en bas de colonne. L'opérateur doit alors se reporter i 1'historique de
vol pour connaltre la liste compldte des URP ou &quipesents en pannme.

Si aucune URP ou &quipement r'est en panne, seuls apparaissent le 1 vert, le 2 ambre et
le S rouge.
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VISUALISATION DES PANNES EXISTANT €N FIN DE VOL

3.1.3.4.2 - Visualisation de 1'historique de vol
L'historique de vol est constitué par 1'ensemble des CRV qui ont été& enregistrés pendant
le vol dans l'ordre chronologique de leur mémorisation. Il est présenté en tdte basse.
Dans ce mode de visualisation le premier affichage est celui du nombre de mémorisations de CRV
effectubes en vol, suivi de 1'heure de décollage exprimfe en heures, minutes, secondes,
dixidmes de seconde.

Le second affichage est celul du ler CRV enregistré, sous la forme de 4 lignes superposfes :
-~ La premidre ligne indique le numéro d'ordre du CRV, 1'équipement concerné et le type de
panne (0, 1, 2 ou 8)

- La seconde ligne indique 1'heure de mfmworisation en heures, minutes, secondes, dixildmes
de seconde.

_', * ~ Les Je et 4e lignes de 16 caractdres chacune reproduisent le MEP correspondant. Pour tout
bit 2 1 dans le MEP on visualise un point et pour tout bit & 0 (c'est-d-dire significatif
de panne), le rang du bit dans le mot du MEP.

On peut ensuite dérouler tous les CRV d'un vol dans le sens croissant ou décrotesant.
”
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L'heure de décollage est toujours présentée 3 1'appel de la procédure.

Si aucune aémorisation de CRV n'a ey lieu en cours de vol, il y sura au moins 1'heure de décollage
inscrire sur la tdte basse.

MEMONTOL 0F L LR EN PANKE
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3.5 - Procédure de visualisation des Comptes Rendus Sol :
Les Comptes Rendus Sol ont pour but de présenter 1'état {nstantanné du systdme du point de vue des !
pannes. La visualisation s'effectue sur la T&te Basse, au sol. !
!
3.5.1 - Visualisation des Equipements en panne actuelle I
La liste des URP en parne actuelle est présentde sur la T&te Basse. !
La visualisation préseatée est semblable 3 la liste des URP en panne des Comptes Rendus de Vol. !
La colonne des pannes saturantes est vide car une panne actuelle ne peut pas 3tre saturante. !
!
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3.1.3.5.2 - Visualisation de 1'&tat actuel d'un Equipement
L'etat actuel d’une URP est présenté sur la Tite Basse.
Pour visualiser 1'&tat actuel d'une URP, on frarpe au PCN un noabre de 2 chiffres, qui est le

numéro dictionnaire de 1'géquipement auquel 1'UR? est rattachée. Apparalit alors en tdte basse un
Compte Rendu Sol sous forme d'un ensemble de 4 lignes.

. lare ligne : numéro de 1'&quipement, nom de 1'&quipement, type de paanne (1, 2, 0)

. 2e ligne : date, forcée 3 0

. 3e et 4e lignes : MEP de 1'&quipement, présenté comme en visualisation de l'historique
de vol.

La frappe d'un autre numéro fait apparaitre le Compte Rendu Sol correspondant en lieu et place
du précédent.

PREMONIQUE EQUIPETENT
NJMERO EQUIPEMENT j TYPE_DE_PANNE

~—--—=0 00 00 O
N - 2
) 4”[3.&;-

Y

-d -

VISUALISATION DE L’ ETAT ACTUEL D UN EQUIPEMENT

3.1.3.6 ~ Panne d'un_&quipement utilisé r les Comptes Rendus de Maintenance

de panne du calculateur gérant, celle-ci est indiquée par les visualisations opération~
nelles. Les mémorisations de CRV déji effectufes sont perdues. Aucun nouveau traitement ne peut
atre effectué et 11 est donc impossible de présenter un compte rendu quelconque. En visualisation
de Compte Rendu de Maintenance, le gérant secours provoquera la visualisation des réticules 1, 2
ou S avec le mnémonique CP en colomne 1.

Ea ce qui concerne les autres §quipements nécessaires 3 la visualisatiou des comptes readus de
maintenance, les pannes &ventuelles seront détectées par les autotests déclenchés, plus performants
que les autotests permaneats.

3.2 - Msintenance couplémentaire su sol
Les sutotests permanents des 3qu1pelenu et du systdme ont une certaine limite du fait qu'ils doivent

se dérouler sans perturber le fonctionnement opfrationnel. Il s'sn suit que la profondeur des tests
n'est pas toujours suffisante pour détecter et localiser les panunes avec la perforssnce sttendue d'ua
preaier &chelon.
La meintenance complémentaire au sol doit donc permettre de compléter les sutotests permsanents en
rendant possible la vérification de tous les Elém qui ne p 1'8tre qu'en perturdant le
fonctionnement opérationnel du systime d'arses. Les principales fouctions 3 assurer sont les sulvantes
-~ Validation des tranemissions d'inforsations analogiques entre les différents Squipements et avec
les armes.
~ Permettre des tests plus profonds dans les &quipements en utilisant des tests déclenchés splcifi-
ques dont les algorithmes sont soit résidents dans les Squipemants, soit “chargeables™ 2 partir
d'une mimoire de masse.
- Qualification exhaustive du dialogue digibus des &quipements.

L'exbcution de ces différenteas fonctions est rendus possible par les logiciels d'aide 3 la mainte-
nance 00l. Ces logiciels sont répartis en deux groupes :

- Las logiciels de base

= Las logiciels complémentaires.
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3.2.1 - Logiciels de base

Ces logiciels permettent de donner au mfcanicien tous les moyens de dialoguer avec le systdme afin
qu'il puisse mener 3 bien toutes les opérations de vérification qui lui semblent nfcessaires afin
de localiser une panne ou de valider une chaine fonctionnelle.

3.2.1.1 = Logiciel Trame Sol

En configuration maintenance au sol, le systdme fonctionne suivant un mode particulier.
I1 faut considérer deux types d'&quipements :
~ Les &quipements analogiques pour lesquels les opérations de maintenance ne peuvent se faire
qu'en utilisant le mode de fonctionnement opérationnel et en simulant 3 l'entrfe un enseable
de paramdtres cohérents.

-~ Les &quipements programmés numériques pour lesquels le fonctionnement waintenance est
particulier, le programme opérationnel est arr@té au profit d'un programme permettant :

de positionner directement 3 une valeur donnée par le Digibus les différents paramdtres

de sortie analogiques (hors Digibus).

. de coder sur le Digibus la valeur de toutes les entrées analogiques

d'accueillir dans leur méuwoire RAM et d'ex&cuter des logiciels chargds 2 partir du Diglbus

de dérouler, 3 partir d'un ordre douné par le Digibus, des tests internes complémentalires.

Les valeurs de positionnement des paramétres de sortie analogiques sont délivrées 3 l'aide de Codes
de D & Maint de Positi t (CDMP).

Les valeurs des paramdtres analogiques d'entrée sont données dans les Codes de Données Maintenance
de Lecture (CDML).

Le déclenchement des logiciels de test chargés et des tests complémentaires s'effectue 3 1'aide des
Codes de Donnfes Maint de Déclench t (CDMD).

La trame sol est donc le support de la transmission des {nformations nécessaires & la réalisation
des fonctions d&crites ci-dessus.

La trame sol comprend :

- Tous les messages émis sur Digibus en trame opérationnelle mais dont la cadence est réduite
3 une fois par cycle long et dont le contenu n'est pas significatif ; ceci d'une part pour ne
pas avolr une trame d'&change trop complexe et trop chargée 3 gérer, et d'autre part, pour ne
pas avoir une charge de calcul trop iwportante au niveau du gérant du digibus. Cependant,
un certain nombre d'équipements demandent que quelques &changes s'effectuent au “rythme P
opérationnel™ afin de pouvoir conserver un fonctionnement maintenance correct.

- Les messages permettant de valider les chaines analogiques, c'est-A-dire les CDMP et CDML

- Les messages permettant de charger dans les Equipements des logiciels de test

~ Les messages permettant de déclencher des tests complémentaires chargés ou résidents (CDMD)

- Les messages permettant de lire et/ou d'&crire dans la mémoire du gérant ou des &quipements

- Les messages de visualisation maintenance sur le PCN et la T&te Basse.

3.2.1.2 - Logiciel de Dialogue Systdme

La gestion des CDMP, CDML, CDMD est faite par le mécanicien. Lors du passage de la trame opéra-
tionnelle 3 la trsme maintenance sol, les valeurs des CDMP sont telles qu'elles définissent un
état initial maintenance pour le systdme ; a priori{, toutes les valeurs soant positionanfes 2 zéro.
Les COMD sont toutes positionnées 3 z&ro. Le logiclel de dfalogue permet au amfcanicien :

- de positionner les paramdtres analogiques 2 une valeur choisie par lui,
=~ de lire les valeurs des paramdtres analogiques choisis par lui ‘
- de déclencher les tests complémentaires 3 son initfative.

L'organe de dialogue uti{lisé est le Poste de Commande de Navigation (PCN) qui possdde toutes les
cormmandes nécessaires, ainsi que les &léments de visualisation indispensables. La t8te basse est
utilisée comme bloc-notes, c'est-3-dire qu'elle permet de conserver 1'affichage des huit dernidres
opérations effectufes au PCN.

De plus, ce logiciel permet de donner au mécanicien toutes les informations nécessaires pour
surveiller le fonctionnement maintenance du systdme d'armes.

3.2.1.3 - Gestion des logiciels complémentaires

Les logiciels complémentaires sont chargés soit dans le gérant soft dans les &quipeaments 3 partir

d'une procédure définie par ce logiciel de gestion. Les logiciels 3 exécuter sont contenus dans un

support informatique interne ou externe 3 l'avion et connect& au digibus. Ce logiciel de

gestion ne concerne que le chargement des logiciels 3 exfcuter. L'explofitation des r&sultats des !
traitements effectubs par les logiciels chargés est assurée par le logiciel de dfalogue systéme. !

3.2.1.4 - Gestion de 1'outillage sol

Ce programme de gestion permet le dialogue avec un Equipement au sol connect& au digibus.
Il rend possible :

- La lecture de tout ou partie de la aémoire d'un &quipement par un outillage sol
- L'8criture en afmoire dans les &quipements.

chargés dans les &quipements 3 1'atide du prograame de gestion des logiciels complémentaires.

|t gl et e S
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3.2.2.1 - Logiciels complémentaires de test systdme

Ces logiciels sont chargls et ex#icut®s dans le CP et oat pour but d'exécuter un test particulier

s'adressant 3 tout ou partie des §quipements du Systdme d'Arses. Afnsi, le logiciel de Test

Conversationnel Complet (TCC) permet de qualifier 3 ceat pour cent la qualité du diaslogue digibus

de tous les &quipements du systdwe d'armes.

3.2.2.2 - Logiciels complémentaivres de test w

Ces logiciels sont chargés et exécutés s les Equipements y compris le gérant. Lls sont exécutés

en interne dans les &quipements concernfs et ne s'adressent en aucune fagon 3 un de leurs

périphériques.

Ils peuvent &tre considérés comme des asutotests internes complémentaires.

Nota : Il faut bien remarquer que la maintenance intégrée ne consiste pas 3 rechercher une panne
par un processus automatique mais 3 donner au mfcaniclen tous les outils nécessaires 3 la
conduite d'un dépannage ou d la validation d'une chaine fonctionnelle.

3.2.3 - Mise_en ceuvre des Logiciels de base d'Aide i la Maintenance Sol
Le systdme d'armes ne peut passer en configuration maintenance qu'd partir du fonctionnement
opérationnel.
L'avion Etant sous teusion, le passage de la configuration opérstionnelle 3 la configuration
maintenance ne peut s'effectuer que si :

- Les conditions de sécurité armeament sont réunies

~ Le train est vérouillé bas

- Le commutateur secondaire du PSM est sur la position "MAINT"

- Le mécanicien a frappé au clavier du PCN le code de demande "Trame Sol".

A la réception de ce code par le gérant, celui-ci &met, en trame opérationnelie et une seule fois,
un code d'ordre de commutation en fonctionneaent msintenance des &quipements. Ensuite, il y a un
silence Digibus de 2 cycles longs pour permettre l'initialisation des &quipements en fonctionnement
msintenance puis €amission de la trame maintenance proprement dite.

Le passage de la configuration maintenance 3 la configuration opérationnelle du systdme d'arwes
s'effectue par :

- la mise sur une autre position que "MAINT" du rotacteur secondaire du "PSM”

- la mise hors tension puis sous tension du systdme d'armes.

4 - CONCLUSION
Le principe de maintenance intégrée décrit ici, a &té &tudié de telle sorte que les dispositifs
de maintenabilité représentent un pourcentage faible des matériel et logiciel des &quipements.
Au niveau systdme, le logiclel représente environ 25kamots de programmes résidents pour un avion
coome le MIRAGE 2000.
Les avantages de cette majintenance intégrée sont multiples :
- Grande indépendance par rapport aux &volutions des logiciels &quipements
- Recherche de panne sans simulation des conditions de vol
- Mise en oeuvre sans utilisation de woyens de test extérieurs 3 l’avion sauf en ce qui
concerne les capteurs et certains circuits d'armement
- Exploitation sur avion des résultats avec possibilité d‘'avolr une bonne connaissance de
la nature et de la durfe des pannes qui se sont produites en vol et qui ne sont pas
toujours décelables au sol.
- Mise en oeuvre quasiment {nstantannée des logiciels permettant les recherches de pannes,
ou les validations de chaines fonctionnelles du Systime d'Armes.
- Grande souplesse dans les procédures 3 utiliser pour effectuer un dépannage, le mécanicien
utilisant au mieux et 3 sa seule fnitiative, les dispositifs développée dans le Systdme.
.
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AN INTEGRATED AFCS FOR THE "“PROFILE"-MODE

by
P. Wust, W. Alles
Bodenseewerk Gerdtetechnik Uberlingen
7770 Uberlingen
Federal Republic of Germany

1. Summary:

“PExisting Automatic Flight Control Systems for civil and military aircraft mostly use
separate subsystems)such as the Flight Control Computer (FCC) and the Thrust Control
Computer (TCC) 4vith a very limited amount of communication between the “black boxes. -

In most cases integrity reasons have dictated such a separation but ‘in order to obtain
optimal flight guidance results one should use an integrated design ich -
should reflect the coupled nature of such variables as airspeed and vertical speed.-

Especially wjth the advent of the Flight Management Computer (FMC) with its flight
erofile mandgement capability and accompanying new control modes such as the
PROFILEY-mode the integrated AFCS becomes a must. Nevertheless the appropriate control
system design method should be able to incorporate proven structures. -

In 1979 flight trials of such an integrated (digital) flight control system in a
two-engined jet aircraft (HFB 320) demonstrated the advantages of such a concept /1/.

b . The very promising results were obtained by a joint effort of the DFVLR and German
companies working in the aerospace field, supported by the Ministry of Research and
Technology (BMFT). o

For transferring these achievements to other aircraft that often have extended
flight-envelopes a fast and transparent parameter design method (no control design deus
ex machina) is required which puts the control engineer in the middle of the design
process /2/.

e— ) N A
This paper wiil, describes the structure of thee integrated control system and the
- appropriate parameter design method gfsng the AIRBUS A300 as an example. The structure

of the system is characterized by

p a mixture of feedforward and feedback control thus
allowing to separate the design of,the command and
disturbance characteristicg; 5.3 2y

o decoupling speed- and height loop. .

The control system design relies cn the knowledge of aircraft and engine characteristics,
both known to the FMC or similar devices. To ease the analytic parameter design, the
. relevant (longitudinal) aircraft dynamic is simplified by the incorporation of well
' proven basic loops such as pitch attitude feedback and N1/EPR-control.
PR P

within the scope of ithis simplirication”the design engineer prescribes eigenvalues of the
entire system in a straight forward manner. AEnergy-saving aspects (in a higher frequency
range) by the reduction of throttle lever eﬁ?ursions may also be considered using this
approach.

List of symbols

-4 EPR : engine pressure ratio
: thrust i
: aircraft weight
vertical speed
ajircraft mass
dimensional derivative, pitch moment equation
fan-speed
: control input vector
: airspeed
: flight path velocity
: wind speed
H drag
H state space vector
H dimensional derivative, 2Z-force equation
: elevator
: trim-tail-plane
: pitch attitude
: flight path angle
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1., Introduction

what is new with the PROFILE-~-MODE? This question is justified because existing
auitopilots and autothrottles do already compute pitch-attitude and thrust commands which
let an aircraft fly along a certain trajectory. But as in CLIMB-MODE or DESCENT-MODE
airspeed (Mach) and vertical speed (H) are not independent of each other, because these
trajectories are flown with fixed thrust:

- maximum thrust during CLIMB
- minimum thrust during DESCENT,

In case were both pitch attitude and thrust are available as control varjables, as in
CRUISE-MODE or LAND-MODE, autopilot and autothrottle have to keep airspeed or Mach
constant and the deviation from the reference altitude close to zero. These are typical
hold-modes. Furthermore airspeed/Mach and vertical speed are not decoupled because this
desirable characteristic can only be achieved, if the automatic flight control system
(AFCS) reflects in some way or other the flight mechanical coupling of these variables.
Conventional AFCSs however do not show cross-links between autopilot and autothrottle.

In our opinion the performance of the PROFILE-MODE will profit from an integrated AFCS
and therefore this paper will concentrate on the description of an appropriate control
system design-method.

2. The control system design method

2.1 Objectives

The objectives of the control system design method were as follows:

o0 It should allow to design command- and disturbance
characteristics separately

o Flight path velocity and vertical speed should be
decoupled or if any coupling were desirable
it should be deliberately introduced.

o The design method should rely on well proven basic
loops such as pitch attitude feedback and Ni1-/EPR
control. (see Fig.1).

2.2 Simplification of the flight mechanical equations

The introduction of pitch attitude (and rate) feedback
AV - Ko - {4+TQ-5}-A9 (1)

allows to neglect the acceleration term in the pitch-moment equation. Both the truncated
pitch-moment equation and the pitch attitude basic loop can be incorporated easily in the
remaining force equations.

The regult is a completely controllable and observable second order system with vertical
speed H and flight path velocity Vk as state variables, pitch attitude command and thrust

as control variables.
x = A-x + By (2)
EST . [.ixl \4‘] @
Llr - [ A‘ag, a‘F] )

Fig., 2 compares the step responses of the complete 4-th order aircraft/basic-loop-system
with that of the equivalent second order system using the AIRBUS A300 in a cruise
condition as an example. The results need no further discussion. The only thing, which
is not yet realistic is the fact, that thrust as an input variable is not available.
However, this can be easily achieved using the well proven N1/EPR basic loop and the
correlation between thrust and N1/EPR, This latter characteristic is well known to the
FMC, which uses it to predict optimal guidance parameters.,

A typical Nl-control loop is given on Fig. 1.
Compar.ng the time constants of the elevator actuation system and the Nl-basic loop with

the eigenvalues of the equivalent system, they obviously can be neglected in the control
parameter design process.




. ——— e =

.

1 o T e
183
2.3 Design of the feedforward (FF) control
Having shown the good approximation by the second order system the structure of an ideal
feedforward system can be sketched in a straightforward manner. Given the trajectories
or model functions (see Fig. 3) for a change in altitude.
L] e
S
(4¥c_|44¢,|44c.) - ‘q:f1“ (ES) ¢ )
and/or a change in airspeed
(Vc., Vc,) = Fuy(s) (6)
one only needs a control law which gives
H = He ®
- >
VK = VC
The identies o .
'H « ‘Hc,
@)
Vi - Ve
automatically hold.
The appropriate control law is derived from the equivalent state space respresentation:
-4 °
ve - B {Xe-Ax]
-4 *
- BT {Xe -AXd @) .
The block diagram of the ideal feedforward system is shown on Fig. 4,
An essential part of the design objectives has been achieved at this point.
In case of perfect modelling and absence of disturbances one gets the trajectories as ' |
they are described in the so called model functions through feedforward control alone. , ]
The eigenvalues of the system have not been touched. f |
But to cope with imperfect modelling and with ever existing disturbances (wind etc.) one '
additionally has to introduce feedback control.
; 2.4 Design of the feedback (FB) control , !
For the derivation of the appropriate feedback control one again uses the state space
representation of the equivalent system which as a first step leads to the following
equation: |
-1 M -
ua = B7L{Xa-A-(x-Xa] (o)
This control law, which decouples vertical speed and airspeed gives the ideal basis for 1
- the then following closures of altitude and airspeed loops (see Fig. 5). -
) o . o H
Ha o Ra-(HcH) + Ry f(he-H)dt + Ry (He-h) ) :
K ® YRR Y !
| Va = [(Ry- (VeV) + Re-(Ve-Via)) dF ) .
i Due to the fact that vertical speed and airspeed are decoupled the eigenvalues of the %
5 individual loops can be chosen separately. Similar eigenvalues are recommended H
'S considering energy aspects. : r
y
N
*
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2.5 Superposition of feedforward and feedback control

Both control schemes can be superposed
U = Uc +Ya = W (¥F) + U(FB) 3)

Fig. 6 shows the complete integrated control system and Fig. 7 show the simulated time
responses characterizing command- and disturbance behaviour of the aircraft (cruise
condition) with its integrated AFCS. The simulation has been performed using the
complete models, The reduced order state space representation has been used only for
design purposes.

The resulting integrated AFCS shows no exotic features: it uses the same sensor and
control inputs as existing conventional systems. For instance control inputs and basic
loops can be made identical to the airbus systems if the trim-tail-plane is incorporated
into the integrated AFCS by using simple block-diagram algebra (see Fig. 8).

3. Reduction of throttle activity

The crux of all flight modes which require a full-time autothrottle action to acquire &nd
hold a computer optimized or pilot selected alrspeed is the unavoidable measurement of
unwanted higher frequency wind disturbances.

AV = AVi -AVw ()

It is a dilemma: a FMC computes optimal trajectories in order to save fuel. To keep the
aircraft flying according to the optimized Mach number one needs a fulltime autothrottle
and that again may lead to increased throttle activity due to (see above) with all its
unwanted side effects.

In order to alleviate the situation one can deliberately introduce again a defined
coupling between vertical speed and flight path velocity. This is not a new idea but the
previously shown design method gives nearly automatically the necessary structure as it
shown in the following.

During cruise the X-force equation
L]
m.vR - ?“W'G.r ('5)
reduces to

\'/n s _éf - %H (3]

In case of strict altitude hold (ﬁ-o) thrust activity is proportional to the horizontal
acceleration.
at

\./n "™ as)

In case of a constant increase in horizontal wind speedaVw in order to keep airspeed
constant the following equation holds

. A*
AV‘ - fV-zdf - .(T\?\df - AVw g)
with Vi = Viengqu.
In case of a AV-command input (no wind case) the following equation is derived in an

analog manner
AVe = [Vedt « [&F ot . AV )

wih Ve~ \7& requ-

Throttle activity in terms orfﬂ"dfmererore cannot be influenced.
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The situation changes if the altitude loop participates in speed agquire and hold actions.
. F -
VRV‘QU - ?n - %— . Hmu. (20)
. " 323
Hyequ =« - R %5 . anqu- @y
O<®k=<1
In order to keep the altitude constant in a stationary sense the above control law has to
be modified using a washout
: T:s Vie ¢
Heequ. = - —— % - — * Virequ. (22)
rea 44Ts rea
Introducing this control law which represents a defined coupling between the two loops
the throttle activity reduces to
' T-s v
_Ai - ( 141 - - ) 'Vanu.
| m A4+TS
|
. (4 +(2-0) Ts) Ve 2
i = ‘ requ. 2
: (a+ T®)
] 3.1 Reduction of throttle activity for command inputs
i Having an integrated system where vertical speed and flight path velocity are decoupled
{ it is very easy to introduce the above coupling for command inputs.
|
1 Y T-s Ve
! A“V’C V. = - . & * VRV‘ [V
1 9 A4Ts 9 9 '
i - |
] -S V ;
| A'“c - A‘“ﬁmqu » - T R - ——E . AVC i
| 4+Ts 9
!. abe = Fmn(s) - Attse ,
i .
| AVe = Fwmy (s) - AVsel
|‘
i T-s Vo Fmv(s) ; ;
- AdeeL » - — R -—- « AVsel Q)
5 44Ts 3 Fmn(s) i

e

with Fmv(s) and Fmh(s) the command input model functions. Fig. 9 shows a mechanization
of that command input coupling with Fmv(s) = Fmh(S) whereas Fig. 19 compares the time
responses with and without command input coupling.

3.2 Reduction of throttle activity for disturbance in
The introduction of the above coupling for the feedback portion of the integrated AFCS
follows the same guidelines.

Y Ts Ve y
Atrequ. (FB) =~ 4*;3':))( 5 Verequ 5B (25)
Vunqw (*8) = A :”( s (26)

where AFc (FB) is that part of the thrust command which comprises all the relevant
feedback signals, (see Fig. 6).
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This signal is added as an additional command signal to the (ﬁc-ﬁ) feedback signal.

. 'S .,..Ve F (¥ 2
H (;8 B = e— x 2X_ A c( ) (29
A requ- ) A+TS gm )

The additional command signal, which is necessary for (Hc-H) feedback is derived by

pseudo integration.
T-! .
. - . . (¥8 2

Attvequ. (FB) 1iTes Attrequ. (FB) @y

A mechanization of this additional coupling is shown on Fig. 11.

The effect of that additional coupling is shown in Table 1 for flight through vertical
gusts and horizontal gusts comparing standard deviations

with
(+8) -coupling

\NH\Aou‘l'_
(FB)-coupling

Gav [ms™]

1.02

1.03

Gt [w‘]

0.49

0.50

Gar [Ns]

2400 3

100%e

1300 & 5%%

0.62

Gi [ms"]

0.62

Toble 1.

Guw s Guww = ’.'l.W\S‘1

5. Conclusion

An aircraft which shall fly along a given trajectory or profile in order to fulfil
certain requirements (to save fuel for instance) should have an AFCS with defined
characteristics. This paper shows a designh method for the vertical modes of an
integrated AFCS which already has been flight tested successfully. The step by step
design is simple and transparent through the use of a reduced order model of A/C and
basic loop dynamics. It allows to separate the design of command and disturbance
characteristics by a formal method. The (linear) design method gives the structural
frame and control system parameters but it leaves ample space for the tricks control
system designers usually have at hand to meet further real world demands.
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THE INTEGRATION OF FLIGHT AND ENGINE CONTROL FOR VSTOL AIRCRAFT

by
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K control philosophy appropriate to future jet VSTOL aircraft.amd whiclyr leads naturally to the
integration c¢f flight and engine control systems : The potential benefits of this class of
system are stated and integration aspects, both in terms of control laws and at the hardware level, are
considered. Some of the areas surrounding this approach to VSTOL control vhich««mﬂ@are
outlined.

Introduction

In recent years, the capabilities of individual flight and mission critical control systems have
advanced and the computing power available to them has increased rapidly. As the various systems have
become more advanced it is becoming apparent that only through integration can their full potential be
realised.

Much of the effort to date has been devoted to integrating mission critical systems with one
another. With the advent of full authority digital electronic engine control, the combination of this
system with others becomes a more practical proposition.

While most variations on the integration theme offer similar benefits both to “conventional"™ and to
VSTOL aircraft, the {ntegration of flight and engine control systems is especially appropriate for VSTOL
configurations,

This paper will show how engine and flight control integration may be seen as particularly
desirable for VSTOL aircraft if the possibilities of this type of vehicle are fully to be exploited. It
will present the particular benefits anticipated and a means of realising them, recognising that there
are various levels of integration.

1. Handling Aspects

The current Harrier family of alrcraft is controlled in a manner that may be described as
conventional with the exception of the additional nozzle angle lever. With his right hand, the
pilot controls sircraft pitch and roll, with his feet he excercises directional control, and with
his left hand he contrnis the two degrees of freedom of the engine, namely thrust and additionally
thrust direction. Thus it may be said that with his right hand the pilot controls airframe
parameters and with his left, engine parameters. Any integration of these two sides of the control
coin that is necessary in order to perform a given manoeuvre must be done by the pilot. He must
choose between a choice of three longitudinal controls (pitch stick, throttle control and nozzle
angle control) for which he has only two hands.

Although in theory the possibility of longitudinal control ambiguity exists, this does not
appear to be a problem with the Harrier and its derivatives. It is indeed a credit to the design
of the aircraft that this method of control works so well. Pilots regard the aircraft as offering
outstanding versatility in both afrfield (or ship) operations and in combat flying.

It could be argued that thie vereatility is only obtained at the expense of higher pilot
workload, particularly in the transition between jet-borr: and wing-borne flight. While some
studies would indicate that this is the case (ref 1), recent combat experience involving shipborne
operations in poor weather show that the workload involved is by no means beyond the capabilities
of well-trained service pilots,

In spite of this success, it would be unwise to assume that a future jet VSTOL aircraft will
inevitably be blessed with such good handling characteristics. Perhaps more importantly, it is
attractive to free the airframe designer from some of the constraints imposed by the need to
provide inherent good handling, allowing him to explore more fully the potential of this class of
aircraft, Purthermore, electronic control systems themselves offer new freedows which the designer
may wish to exploit.
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One avenue of research that is being explored is the development of an integrated maneouvre
demand system. As mentioned above, the ypilot currently integrates airframe and engine control
himself in order to attain the desired maneouvre. It would seem more efficient for the pilot
simply to be able to demand a maneouvre, and for the flight and engine control systems to determine
the optimum way of attaining the maneouvre. A maneouvre demand system which in addition requires
inputs thorugh only two cockpit inceptors would obviate the possibility of control ambiguity.

There are a variety of handling benefits that add to the attractiveness of an integrated
maneouvre demand system. The transistion between jet-borne and wing-borne flight i{s the regime
most likely to raise handling problems in a VSTOL aircraft. Maneouvre demand, with appropriate
limits (e.g. ol limits), can facilitat: transition flying and reduce pilot workload. Furthermore, a
maneouvre demand system would lend itself readily to integration with landing aids such as
microwave guidance systems to produce a fully automated approach and, if desired, landing system.

It is essential, in fully and partially jet-borne flight, to ensure that large longitudinal
demands do not result in vertical transients or a serious loss of jet lift. Thus, height demands
must take precedence over longitudinal demands in terminal flight phases, but limited longitudinal
transients will be permitted if the pilot inputs a large normal demand.

In combat flying, the ability to vector thrust has been shown (ref 2) to give tactical
advantages., An integrated maneouvre demand system can product thrust vectoring in a combat
situation in a well-behaved manner. If the pilot demands more normal acceleration than is available
¢rom wing 1ift (as defined by reaching an o limit), then a certain amount of extra acceleration can

generated from thrust vectoring. In order to avoid excessive energy loss associated with large
thrust vector angles, it is suggested that longitudinal d ds take pr d over normal demands
in up-and-away flight. Thus rapid deceleration due to thrust vectoring would only result from a
large deceleration demand, and not from a large normal demand alone.

Implementation
Conceptual.

There are many combinations of control possible, of which the following description is just
one example. Roll rate demand is proposed for the lateral axis and sideslip demand (perhaps with a
lateral acceleration feedback) blending to a pure yawing demand in the hover for the directional

axis. r

The solution to the challenge posed by the symmetric axes is less conventional. The approach
adopted here is that the right hand inceptor should demand normal (z-axis) maneouvring and that the
left hand inceptor should demand longitudinal (x-axis) manoeuvring. "Normal manceuvring" would
consist of normal acceleration, perhaps blending to normal velocity at the hover, and "longitudinal
manoeuvring" would be longitudinal acceleration, again blending to a longitudinal velocity at the
hover. There is a requirement for independent pitching of the airframe in the hover (to allow the
pilot to fnspect a landing site before a vertical landing). If the control power is available,
independant pitching in the form of fuselage pointing is a potentially beneficial feature in combat
flying. This mode, in the form of incremental pitch attitude demand about an approriate datum
(e.g. landing attitude in the hover) can be demanded through a rotary input on the left hand
controller. An appropriate inceptor design will be described later.

Control Scheme .

The key feature of the concept presented above is that the pilot no longer has direct control
over any one control surface, or over the engine. The flight control system (FCS) produces
motivator demands in order to generate the required manecuvre, Engine thrust and thrust vector
angle are, as far as the control system is concerned, an extra pair of motivators. Fig |
illustrates this; note that there is no "throttle”, but two inceptors, engine demands coming from
the FCS. Also, there is no reason why the engine nozzles should not be controlled independantly of
each other to give, say, enhanced pltch control or a greater c.g. range in the hover.

A variety of control schemes of varying degrees of complexity may be imagined to satisfy the
conceptual requirements of integrated manoeuvre demand. The symmetric axes of one particular
system of control laws are illustrated in Figs 2 and 3. They full into two separa’e parts; the
manoceuvre demand laws themselves, that resolve pilot inputs into motivator (tailplane) and i
pseudo-motivator {normal and forward thrust) demands, and the pseudo motivator control law that
generates thrust magnitude and nozzle angle (or mean nozzle angle) demands. t

The longitudinal axis of the maneouvre demand system basically uses longitudinal acceleration
feedback to generate a forward thrust demand. The normal axis {s buflt around normal acceleration
demand with incidence limiting and a term for pitch damping. In addition, the normal acceleration
error signal is fed forwards through a non-linear function of speed and incidence to provide a
normsl thrust demand when serodynamic lift is exhausted.

The two thrust demands are fed into the pseudo motivator control law. Since in & vectored
thrust engine a change in nozzle angle can be accomplished more rapidly than a change in thrust,
simply to resolve the two cartesian demands into vector and magnitude demands would result in the
sort of transfent response of Fig 4. The control law of Fig 3, by using an estimate of the current
thrust provided by the Engine Control System in the calculation of nozzle angle demand,
synchronizes the movement of the nozzles with the actual engine response. Thus the transients of
Fig 4 will be substantially reduced. t
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This pseudo motivator scheme is also designed to give priority to normal thrust if the
demanded thrust magnitude is greater than that available (e.g. when hovering) and to forward thrust
when the minimum thrust boundary is encountered (e.g. for ground handling reasons).

Physical Integration

For the purpose of this paper, it {8 intended now to consider some of the ramifications of
applying control laws such as that 1llustrated to a VSTOL aircraft.

The close functional fntegration tmplicit in this system obviously dictates that there be
some degree of physical integration of the FCS and the engine control system (ECS). It is assumed
that the ECS will be some form of digital electronic engine control (DEEC), both for reasons of
ease of communication between systems, and for the consistency of engine response that DEEC is
expected to confer.

The first question to be addressed is that of physical location. While it may at first
appear desirable to co-locate ECS and FCS computing, this raises problems. If the combined
computing is airframe mounted, it may not be possible for it to be in the close proximity of the
engine, leading either to a multiplicity of wires between the control system and engine (for both
control of the fuel system and signalling to the ECS of engine parameters) or to the adoption of
digital signalling to and from engine mounted multiplexer and A-D/D—A converters. Colocation of
the combined computing on the engine, while tidier, is again likely to run into space problems, not
to mention the unattractiveness of placing all the flight critical computing fn such a hostile
environment.

As engine mounted DEEC has already been demonatrated on both R-R Pegasus (ref 3) and P&W
P-100 engines (ref 4), it {s suggested that engine demands (either of thrust or of a combination of
engine parameters that will approximate to thrust) be generated by an airframe-mounted flight
control system, while "inner loop" engine control is performed by an engine mounted DEEC unit.

Communications between FCS and ECS must be of high integrity. A digital databus of the 1553B
type is designed neither to provide the necessary level of integrity, nor the speed of
communication for safe and satisfactory integrated control. Consequently, a dedicated high
integrity data link between FCS and ECS is needed.

Any air data required by the ECS for optimisation of engine performance would be provided
from the FCS's dedicated air data sensors and computation, via the FCS. This will not introduce
ungatisfactory delays in getting the data to the ECS if an asynchronous multiprocessor architecture
(ref 5) 1s used, rather than the current monolithic architecture; the asynchronous multiprocessor
will have a cycle time of the order of 1-2 ms, while current processors typically operate with a
cycle time of the order of 20 ms.

Integration is not limited to the FCS and ECS. As the control philosophy described was borne
of a desire to rethink the way in which the pilot may control his aircraft, attention must be given
to the cockpit, and in particular the two hand inceptors.

It 18 envisaged that a mintiature side stick will allow right hand inputs, namely normal and
lateral maneouvre demand. As mentioned earlier, the left hand will be responsible for both
fore-and-aft and incremental pitch attitude fnputs. An inceptor designed around this requirement
is {llustrated in Fig 5. Quite simply, fore-and-aft movement of the inceptor will generate
longitudinal demands, while twisting of the end segment of the controller will generate the
pitching demand. Inputs are in exactly the same sense as the demanded response. Both axes of
inceptor movement will be self-centring. The tactile feedback provided by inceptor movement is
valuable, and a pure force/moment controller is considered {nappropriate.

The Technical Challenges

No matter how attractive the benefits of a novel system, there are invariably a variety of
potential problem areas; the extent to which the full benefits of a manoeuvre demand system may be
realised will depend at least in part on the overcoming of these challenges in a manner that is
cost-effective, It is appropriate, therefore, to identify areas that may require particular
attention and to consider how best to address them.

The exact nature of the res to be d ded by the two inceptors will have to be
considered most carefully, and in particular any blends between modes. The need for harmony
between the various axes will need to be borne in mind, particularly in the hover. It is possible
that the lateral control will need to be attitude demand rather than roll rate demand in the hover;
this will give approximately sideways velocity demand, to be consistent with the fore-and-aft
longitudinal velocity demand.

The question of pilot acceptability of the unconventional hover control, where tight hand
inputs will produce an up-and-down (height) response (rather than left hand inputs as in more
traditional VSTOL control), must be addressed. It would be desirable to obtain the opinions (from
simulation) of both VSTOL and "conventional" pilots, since ultimately such s system as this would
be flown by pilots without previous VSTOL experience.
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There are ground handling implications of any fully integrated control system where the pilot
does not have direct control over the engine; the ability to move the nozzles so as to reduce the
risk of foreign object damage or hot gas reingestion while sitting on the ground; the engagement of
the reaction control system to aid manceuvring on a slippery surface; checking engine acceleration
before take-off; coping with high residual thrust while taxying. These are examples of the less
obvious problems that may be anticipated, yet which must be resolved for an operational system.

Operational techniques and careful design of the control laws may answer some of these
particular questions, for example giving priority to longitudinal thrust demands when on the
ground. Such specifics as engine checks can be enabled by means of cockpit switches, but in
general switches associated with flight critical systems are to be avoided. Not only are they a
possible source of unreliability, but one has to guard against the risk of inadvertant operation in
the wrong part of the mission or the flight envelope.

Achieving a satisfactory level of integrity from the combined engine and flight control
system will require collaboration between the airframe, engine and systems manufacturers.
Different levels of redundancy and different failure management philosophies between the FCS and
the ECS will not ease the problem of communications between these systems. Bi-directional fibre
optic links could be applied here to good effect. A possible overall system architecture is
1llustrated in Fig 6. A triplex flight control system receives inputs from the pilot and from air
data and motion sensors (plus any other information required by the system, like control surface
positions). The FCS communicates via bi-directional 1links with dual redundant engine controllers
and receiving from them a thrust estimate. Consolidation 1s performed at the downstream end of
data flows. The flight control computers (FCC's) also transmit demand signals to control surface
and nozzle actuators. FCS inter-lane communications are shown. Each FCC and engine controller
will also be attached via an optically isolated interface to remote terminals on a digital databus,
probably dual redundant and to MIL STD-1553B. (For clarity, this has been omitted from Fig 6).
The databus interface will permit communication between the flight critical systems (engine and
flight control) and non-flight critical systems such as navigation, weapon aiming and
maintenance/diagnostic systems. This would be the channel for integration of flight and mission
critical systems.

It 1s intended to study the integration of flight critical systems (with themselves and with
mission critical systems) on an Avionic Systems Demonstration Rig and an ACT rig at B.Ae. Brough in
the near future. Along with pilot-in-the-loop simulation, solutions to the above problems will be
investigated and demonstrated.

The "bottom line™ of these deliberatfons is that any integrated manceuvre demand system must
at least equal a more conventional three inceptor control system in terms of versatility and pilot
workload, yet this must not be at such a price in terms of cost and weight that the customer finds
the solution unacceptable.

Concluding Remarks

Greater freedom to exploit the unconventional aspects of jet VSTOL configurations can be conferred
upon the airframe designer by the adoption of a fully integrated manceuvre demand system. This type of
control system also offers piloting benefits, especially in the transition.

The satisfactory implementation of a manceuvre demand system on a VSTOL aircraft, dictating as it
does close functional and physical integration of flight and engine control systems, requires coordinated
study in a variety of fields in order to achieve a cost-effective design.
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SUR UNE LOI DE COMMANDE NON-LINEAIRE
POUR LE PILOTAGE DES AVIONS EN PHASE D'ATTAQUE AIR-SOL

par B. Dang Vu et O.L. Mercier

Office National d’Etudes et de Racherches Aérospatisies (ONERA)
BP 72 92322 CHATILLON CEDEX

RESUME

Dans le concept de la Commande Automatique Généralisé» des avions, cette communication présente
une loi de pilotage manuelle, non -conventionnelle, destinée & améliorer 1'efficacité de la visée
en tir au canon air-sol. La mise en oeuvre suivant ure architecture de systéme intégrant une conduite
de tir air-sol, un régulateur de tir et un régulateur de pilotage est détaillée sous forme analy-
tique, Par rapport aux systémes de commandes classiques, l'innovation porte principalement sur 1'as-
pect élaboré du traitement multivariable des ordres du pilote, L'application de méthodes modernes,
de calcul de commande non-linéaire rend par ailleurs la loi bien adaptée pour les manoeuvres d'ali-
gnement de grande amplitude de 1'avion, La pilotabilité d'une version linéaire de la loi a été
démontrée au cours d'essais sur simulateur.

ABSTRACT

In the Control (onfigured Vehicle concept, this paper presents a manual and non-conventional
aircraft control law which provides an improved target tracking in air-to-ground gunnery., The system
architecture which integrates a weapon aiming system, a fire control system and a flight control
system is analytically detailed. In comparison to classical flight control systems, improvements
. come mainly from the elaborate processing of the pilot steering commands. The application of modern
non-linear control techniques to the designof the control law makes it otherwise well-suited for air-
craft alignment manoeuvres of large magnitude, The controllabilitv of a linear version of the control
law has been demonstrated on a manned simulator.

NOTATIONS :
u,v,w composantes du vecteur vitesse aérodynamique dans le triédre avion |
Psq,t composantes du vecteur rotation instantanée dans le triédre avion (roulis, tangage, ;
lacet)

$,8,¢ angles d'Euler (angle de gfte, assiette longitudinale, azimut)
61.6 68 braquages des gouvernes de gauchissement, profondeur, direction

m’ n > '
ee, angles de présentation de la cible H
h,h corrections de tir canon (hausse)

z N N
e erreurs angulaires de visée

VE
pz'(ﬁquvﬂv)/V vitesse de roulis aérodynamique
v vecteur vitesse aérodynamique de 1'avion

VT vecteur vitesse de la cible |
i UpsVps¥a composantes du vecteur vitesse de la cible dans le triédre avion ‘

YV'YP' e coefficients aérodynamiques dimensionnels .

Lqr' qu...- termes de couplage gyroscopique

t. INTRODUCTION

“w

Pour assurer le pilotage général d'un avion, il est tout A fait envisageable de « d . :
. des variables directement associées & son mouvement. Ce mode de pilotage "par objectifs" (PO) simp- : :
4 . plifie 1'exécution de certaines manceuvres exigeant une action coordonnée sur les gouvernes, thche
. i autrement difficile si elle est confiée au pilote. Des études de PO faites & 1'ONERA ont permis
N ainsi d'établir, suivant diverses méthodes, des lois de braquage de gouvernes appropriées & la com-
mande des variables d'état du mouvement (dérapage, vitesse de roulis sutour de l'axe avion ou autour

* ’ du vecteur vitesse, vitesse de tangage, vitesse de lacet [1-4)). Les essais sur simulateur avec
. ¥ pilote humain dans la boucle ont mis en évidence la pilotabilité de telles lois ainsi que les qua-
! 5 lités de vol améliorées qu'elles conférent 3 1'avion. La loi citée en référence [2] a notamment

\ été testée avec succés dans le tir au canon air-sol.

Le tir au canon air-sol est une phase de vol trés critique ol un alignement rapide de 1'avion
sur la cible et une visée précise, utilisant une hausse mobile pour étendre le domaine de tir, requié-
rent d'habitude une habileté et une finesse de pilotage particuliérement importantes de la part
du pilote. La mise 4 la disposition du pilote de variables de commande appropriées peut alors contri-
buer 4 alléger la charge de travail et améliorer 1'efficacité de la visée. La loi de pilotage propo-
sée dans cette comsunication est basée sur ce concept de PO, Elle est spécifique au tir air-sol
car des objectifs encore plus élaborés que ceux cités plus haut sont mis en oeuvre.

La mise en oeuvre de la loi de commande suivant une architecture de systéme intégrant une
conduite de tir canon air-sol, un régulateur de tir et un régulateur de pilotage est détaillée sous
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forme analytique. La formulation mathématique de la loi de commande fait appel a une méthode de
commande non-linéaire non-interactive par laquelle les sorties d'un systéme non-linéaire sont contrd-
lées de maniére indépendante,

Une simulation numérique de passe de tir air-sol illustre le fonctionnement du systéme de
commande. Quelques résultats obtenus sur un simulateur d'avion de combat et portant sur une version
linéaire de la loi de commande sont également présentés.

2. COORDINATION DES BOUCLES DE PILOTAGE

Dans une passe de tir air-sol, le fonctionnement dans le temps du systéme composé par la cible
au sol, l'avion et le pilote est caractérisé par deux niveaux d'intégration. A partir d'un ordre
de braquage des gouvernes du pilote, auquel s'ajoutent éventuellement des ordres de stabilisation,
le mouvement de 1'avion s'obtient par une premiére intégration des équations dynamiques. L'intégra-
tion des équations cinématiques donne ensuite la trajectoire et il est évident que, mis & part i'ef-
fet du rapprochement, une modification de la trajectoire entraine une modification des positions
relatives de la cible et de 1'avion. Il est donc vraisemblable que 1'alignement de l'avion sur la
cible sera d'autant plus facile que la correction désirée concerne les variables se trouvant
plus en aval dans la chafne d'intégration.

1) Ainsi, le contrdle direct des variables dynamiques (cf. {1-4]), en dornant & 1’avion des
réponses pures et découplées, contribue i réduire la charge de travail du pilote dans la tiche de
visée. La boucle de pilotage-visée obtenue avec un tel systéme est schématisée sur la Fig. 1, dans
le cas oi le PO est appliqué aux vitesses angulaires de roulis aérodynamique, de tangage et de lacet,
Les trois commandes classiques du pilote (manche en latéral, manche en longitudinal, palonnier)
affichent des consignes de vitesses angulaires 4 réaliser ; le régulateur de pilotage élabore les
ordres de braquage des gouvernes qui stabilisent le mouvement de 1'avion et assurent la réalisation
des objectifs affichés. La vitesse longitudinale de 1'avion est pposée é&tre ¢ dée indépen-
damment au moyen de la poussée-moteur, non représentée sur la figure.

ordres pilote lere intégration

err :
hausse d: fv":::e =objectifs de gouvernes variables du
pilotage |REGULATEUR mouvement
PRi comam
‘ CCrl HVISEI% PILOTE DE PILOTAGE AVION
angles de E
présentation !

2e intégration

PO = consignes de vitesse de roulis aérodynamique, de vitesse de tangage et de vitesse de lacet
& réaliser.

CCPI = calcul continu du point d'impact (conduite de tir air-sol)

Fig. 1 Boucle de pilotage-visée avec un niveau d'intégration.

2) Le contrdle direct des variables cinématiques se heurte au fait que le pilotage des avions
s'effectue normalement en vitesse et non en position. Par ailleurs, 1'automatisation totale rendrait
nécessaire la mesure des variables cinématiques (ici la distance avion-cible, les erreurs de pour-
suite, etc...) et entrainerait par conséquent une complication de la chafne des capteurs.

3) La solution adoptée ci-aprés se place entre les deux cas décrits plus haut, en ce sens
qu'elle réalise une commande manuelle, en vitesse, préservant donc des conditions classiques de
pilotage, facilitant cependant la visée grlce & 1'existence d'une relation directe entre la réponse
des erreurs de visée et 1'ordre du pilote, Elle consiste 8 établir une loi de variation des vitesses
angulaires de 1'avion (objectifs de pilotage du cas (1)) qui annule les erreurs de visée suivant
une dynamique spécifiée, Dans ce but, la boucle est "fermée” par le pilote qui estime les erreurs
de visée, ce ies-ci n'étant pas mesurées & bord, Pour calculer les ordres de braquage des gouvernes
qui réalisent la loi de variation des vitesses angulaires précédentes, il suffit d'utiliser le régu-
lateur de pilotage de la Fig. 1. La boucle de pilotage-visée obtenue avec le systéme proposé est
représentée sur la Fig. 2.

La boucle interne de stabilisation et de pilotage est identique & celle représentée sur la
Fig. 1, 1'entrée du régulateur de pilotage étant toujours des consignes de vitesse de roulis aéro-
dynamique, de vitesse de tangage et de vitesse de lacet A réaliser. Ces consignes issues du régulateur
de tir sont calculées de sorte que si 1'ordre du pilote (affichage de deux quantités homogénes a
des angles) est identique & chaque instant & l'erreur de visée, cett~ derniére tend vers zéro. Le
pilote joue donc en quelque sorte le r8le d'un estimateur d'état, La pilotabilité d'un tel systéme
(rrobléme de pompage piloté, par exemple) n'est pas assurée a priori et devra &8tre vérifiée sur
un simulateur avec pilote humain dans la boucle. Quelques considérations d'ordre analytique sur
la pilotabilité sont exposées au chapitre suivant, montrant en particulier que la ligne de visée
est contr8lée en vitesse au travers des ordres du pilote,

La commande de roulis mise 4 la disposition du pilote est présentée & l'entrée du régulateur
de tir sous forme d'un angle de gite & rallier, ceci pour rester homogéne avec les erreurs de visée
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lere intégration
varisbles du
gouvernes mouvement

ordres pilote
=ob jectifs supé- ordres de

e : .
erreurs rieurs de pilotage re

hausse de visée

2e intégration

PO =.affichage de deux quantités humogénes 3 les angles

«consigne d'angle de gite a réaliser

Ordres de manceuvre = consignes de vitesse de roulis aérodynamique, de vitesse de tangage et de
vitesse de lacet a réaliser (cf. Fig. 1)

Fig. 2 Boucle de pilotage-visée avec deux niveaux d'intégration.

qui sont des variables cinématiques. Afin de respecter la contrainte de pilotage en vitesse, 1'affi-
chage de 1'angle de gite désiré s'obtiendra par intégration des déplacements latéraux du manche
ou efforts latéraux sur le manche.

Un avantage de 1'architecture de systéme présentée sur la Fig. 2 est que la stabilisation
du mouvement de 1'avion est assurée par une boucle indépendante. Le pilotage général de ''. on
semblable 4 celui défini sur la Fig. 1 s'obtient par simple commutation des ordres du pilui. .ur
l'entrée du régulateur de pilotage ; l'avion ne se trouve donc jamais en boucle ouverte, - “~me au

moment de la commutation.

Dans le chapitre suivant, les lois de régulation du régulateur de tir et du régulateur de
pilotage sont formulées suivant une méthode de calcul de commande non-linéaire, prenant explicitement
en compte les non-linéaritésdes équations cinématiques d'une part, des équations dynamiques d'autre
part. Grdce aux lois non-linésires, les manoeuvres de grande amplitude de 1'avion, notamment en
roulis pour rallier une cible latéralement trés écartée, peuvent &tre ainsi réalisées avec une
grande précision.

3. FORMULATION MATHEMATIQUE DES LOIS DE REGULATION

Le probléme consiste a établir une loi de braquage des gouvernes ¥ = (61,6-.5n)T
qui permet de ramener, sous un angle de gfte quelconque ¢, affiché par le pilote et suivant une
dynamique spécifiée, un point du viseur vers un autre point du viseur. Le premierpoint est la cible
liée au sol et dont les angles de présentation dans le viseur sont 'r = (e _,e 3 le deuxiéme
est le point d'impact des obus au sol calculé par la conduite de tir a bord dé 1'avion et dont la
position dans le viseur est donnée par les corrections de tir ou hausse . (hy'hz)T (cf. Fig.3 ).
T

référence
horizontale !
HE

ey,si = erreurs angulaires de visée du fuselage

Fig. 3 Angles de présentation de la cible dans le viseur et
corrections de tir canon air-sol (hausse),

Comme i1 est indiqué plus haut, une loi de variation des vitesses angulairgs = = (p .q,r)r
de 1'avion est d'abord calculée pour annuler les erreurs de visée T, = 2 "%, ° (€ €T T
(loi de régulation du régulateur de tir). Une loi de braquage des gouvernes est ensuite calculée
pour réaliser les ordres de manceuvre précédents ainsi que pour stabiliser le mouvement de 1'avion
{loi de régulation du régulateur de pilotage).

ugt i) ues e namique:

Le vecteur contrdlé d'ordre supérieur du régulateur de tir vérifie
1'équation cinématique non-linéaire suivante :

3, " C.(l..’r-v.x) . l'(l.,l‘)ﬂ , )]

5 - (z:.o)T

T T
avec X, " (9,0)" et @ = (p,qyr)" |, X est la distance avion-cible projetée sur l'axe longitudinal
de 1'avion. Pour le tir air-sol, il est commode de négliger la vitesse de la cible devant celle

de 1'avion, c'est-a-dire V-VT- v.

Les équations du mouvement de 1'avion s'expriment par les relations différentielles non-linéaires
suivantes ¢ N

2e intégration
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x = A(x) + Bu , (2) ‘\
T T,T T
avec x = (x Mk ) et " (v,w) . La vitesse longitudinale u est considérée
comme un parametre du wystéme.
T J .
Le vecteur contrdlé du régulateur de pilotage 2= (p‘.q.r) = D(ﬁ.‘v) vérifie en particu-
lier 1'équation dynamique non-linéaire suivante @
h o
z = O¥x) ¢+ By . 3)
L'expression des différentes matrices est donnée en annexe,
Loi_de régulation_du régulateur de tir
d
La valeur vers laquelle doit tendre le vecteur contrdlé z,  est égale & @ 2z ,* @r
d
La commande non-interactive suivante (cf. [4,5]) :
-1
Q= -B, [Cs'y(zs-zsd)l .- (%)
ol P est une matrice diagonale 3 x 3, et ou Bs et C sont les expressions non-linéaires de
1'état figurant dans 1'Eq.(1), donne par substitution de ¢ dans 1'Eq. (1) l'équation différentielle
linéaire et découplée suivante :
g - -O(z"zsd)
Pour des valeurs de 254 constantes ou constantes par morceaux, l'erreur de poursuite (za_zsd)
est nulle en régime permanent moyennant un choix approprié de la matrice P . La loi de commande
(4) a ainsi pour effet d'éliminer algébriquement les non-linéarités de 1'Eq, (1).
Dans les condltions normales de fonctionnement du régulateur de tir, plus précisément lorsque la
distance de tir n'est pas nulle, la matrice B, est toujours inversible et le systéme (1) est donc
contrdlable.
’ -
La loi (4) présente 1'inconvénient de ne pas pouvoir contrer asymptotiquement des perturbations P
ou des erreurs de modélisation ; 1l'erreur sur les matrices B_ et C provient éventuellement des
erreurs de mesure des variables d’état de 1'avien, ou encore Xu {ait que la cible n'est pas fixe
au sol. Une solution consisterait & utiliser une loi non-interactive, proportionnelle et intégrale
de la forme : -1 t
Q= -Bs [Cs*oz.dof (zi-:sd)d'r] R '
ol p et A sont des marrices diagonales 3 x 3. Par substitution de 2 dans 1'équation non-linéaire
(1), 2, satisferait 1'équation différentielle linéaire suivante : : {
g, =Pz -Hz.- ad)
On montre que pour des perturbations additives constantes, 1'erreur de régime permanent (z -zsd) )
serait nulle, Le vecteur %, n 'étant pas mesuré, sauf pour la 3e composante ¢ , il a été jugé plus '
simple de mettre en oeuvre la loi proportionnelle (4) et de laisser au pilote la charge d'estimer ]
les écarts % " 2,72, et de -ompenser les perturbations au moyen de son affichage Z.,. La loi .
' (4) est alors évaluée au point courant de fonctionnement 2% = Z P *2.4 : de méme, la distance !
; ' pro;etee X avmn—cible dans 1la matricec (cf Eq.(1))est rcmp{acée par la distance D avion-point
s d'impact, puisqu'aucune mesure sur la cible n'est supposée faite,
: t
La relation ordre du pilote-réponse de 1'erreur de visée posséde les propriétés suivantes :
' -8t ‘ep " % , alors lim 2 (t) =0 , ts ; si 1'ordre du pilote est identique a chaque
, . instant & 1'erreur de visée, 1’ efreur de visée tend donc vers zéro.
-si Z%p "0 ,alors 2z (0) =0 =z (t)=0 Wt 3 si l'ordre 4u pilote est nul, ‘
le point d'impact des obus reste fixe sur le sol.
-‘!
: - st $ = ¢ = constante, Od pouvant prendre des valeurs de O & 27 , une relation analytique ‘
4 M approchée entre % et 2, est donnée par : umug i
4 B " TPpZept _-('c ‘:p) . i
od P, = diag(p1,02), 01 et P2 4tant les deux premiers éléments de la diagonale de la matrice P :
. (cf. .(4)) . Pour une distance avion-cible fixe, Y™¥y > 0 et la vitesse angulaire de la ligne '
L2 T 8
. de visée est donc proporticnnelle & 1'ordre du pilote, Le point d'impact instantané des obus devient
' immobile au sol quand le pilote annule son affichage.
; J Loi de régulation du réguisteur de pilotage .
. * La loi de commande (4) se réalise en fait suivant une certaine dynamique qui est celle de
) 1'avion donnée par Eq. (2). La valeur vers laquelle doit tendre le vecteur contr8lé 2 est ainsi
\ ) égale & @ |
: g DR Y
ﬁd se substituant & N dans Eq. (4). o t !‘ .
! La poursuite de t, par s se fait au travers d'un régulateur de pilotage structuré en deux : |
' nivesux : : _Jul '
} PO,
4 4
l 3 |

i . o et ———— L L eeia—— ¢
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- le premier niveau reproduit une réponsez,convergeant vers Z4 de maniére idéale mais restant
représentative du mouvement de 1'avion, grice A un modéle d'avion défini par des équations dynamiques
ol n'intervient aucune perturbation extérieure ; il conditionne la maniére dont 1'avion doit répondre
aux ord;es de manoeuvre de grande amplitude ;

- le deuxiéme niveau, qui est 1'organe véritable de régulation, asservit avec une dynamique relati-
vement plus rapide le mouvement réel de 1'avion & la réponse du modéle, ce qui implique une compensa-
tion d'une part des erreurs de modélisation, d'autre part des effets des perturbations extérieures.

Ce partage en deux niveaux de régulation assure une bonne manoeuvrabilité de 1'avion (ler
niveau), associée un bon comportement en présence de turbulence (2éme niveau).

1) Afin de mieux rendre compte au ler niveau du comportement de l'avion réel, et d'avoir ainsi
des gains importants au 2éme niveau pour contrer les perturbations extérieures, un modéle d'avion
non-lingaire est utilisé, régi par les équations non-linéaires (2). L'application d'une méthode
de régulation non-linéaire semblable a celle utilisée pour le régulateur de tir donne la loi de com-
mande suivante (cf. Eq.(3) )

S - t
' = -B% [c.-ogzmd\of (zm-zd)dT] . (5)

L'indice m indique que les variables appartiennent au modéle. On vérifie que la matrice B est inver-
sible, c'est-a-dire que le systéme (3) est contrdlable. L'erreuar de poursuite (z -z ) est
nulle en régime permanent moyennant un choix approprié des matrices diagonales g et AL E‘utnisation
d'ure loi proportionnelle et intégrale au lieu d'une loi proportionnelle permet en outre d'accrof-
tre le nombre des paramétres de réglage et par conséquent, une plus grande liberté dans le choix de
la forme de la réponse (amortissement, fréquence).

2) Le 2éme niveau utilise une méthode classique d'optimisation linéaire avec un indice de
colit quadratique pour établir une loi permettant d'une part la poursuite du vecteur z, du modéle
par le vecteur z de 1'avion, garantissant d'autre part la stabilité de 1'avion en boucle fermée,
La loi est améliorée du point de vue de la robustesse (annulation des effets des erreurs de modélisa-
tion et des perturbations extérieures) grice i la technique exposée dans [3,6] . La stabilisation
du mouvement de 1'avion est étudiée avec un vecteur d'état réduit , = (T g)T = ¢ x
relatif & la dynamique seule de 1'avion. r v’ T

L'écart 6%, = X "X _ entre 1'avion et le modéle, ainsi que 1'erreur de régulation e = z=z_
sont donnés par le systéme linéarisé suivant, en remarquant que z = c(xr)
Sk = Fox_+G8y+§,

r r

e = Hchro-Gz
3 dA T 4ac
ol - = £2, = (cf, Eq.(2)).

6y = wmuy, Fo= G xg)C, 6= CB et B=ye(x,) Eq.(2)

Le point de linéarisation ¥ correspond au vol rectjligne uniforme. Les quantités 61 et 62 rendent

compte des résidus de linéarisation de A (x) et C (x_) respectivement. Pour des valeurs de &, et 3,
constantes par morceaux, le systéme précédent est équivalent au systéme :

8% F oflléx]| |¢
N e 1o
e H O e o™=

On vérifie que le systéme est contrélghle. La minimisation de 1'indice de colit quadratique :

3= J el o[ siTreinar

ot Q et R sont des matrices de pond%ration, donne la loi optimale :

g = K[G:r] N

x
™
—.————"‘m
z4 XpmAlx, eBug 2y -4 x X z
-
C. ) H.“(“m»xr'xm- Z‘lijA(th :
™
- - 2e niveau avion réel ;
b “ﬂ(x"lll zd) non-linéaire; 3
ler niveau B
: ;
£ C +B0 L . | i
z _[100 z fo-Regur de tir+{e—o i — 3
r [010}7s gulateur de tir Régulateur de pilotage
cinématique :‘_-(ey.e')T n-(p.q,r)T xr-(v.v,p,q,t)T
T
::::::“::“m lrd.(hy’hl) T l-(p.,q.r)T x=(v,v,p,q,r,$,0)
de la cible 'l-(ey'e: :) xv'(v.v)r n‘(ﬁl.ﬁ-.Gn)T
le‘(t NI
Fig. 4 Représentation du systéme de commande sous forme mathématique.
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c'est-a-dire :

t
u = égotngKl(xr~xm)0K20j’ (z-zm)dT

(6}

La réponse du systéme commandé par la loi (6) est donc telle que :

5;r+0ete*0

lorsque £+ o o

Dans 1'Eq. (6), Ym est donné par Eq. (5), K = lK]’Kzl est la matrice des gains optimaux et 5!0
est une constante d'intégration qui peut &étre elle-méme optimisée {3] . La valeur de 6“0 est prise
ici égale & O pour simplifier.

Les différentes étapes conduisant a l'élaboration des braquages des gouvernes i partir des ordres
du pilote, sont résumées sur la Fig. 4.
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Fig.9. Simulation numérique d'une passe de tir air-sol
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4. SIMULATTON DE PASSES DE TIR AIR-SOL

Les résultats d'une simulation numérique d'attaque au sol sont montrés sur la Fig. 5. Les
conditions de la simulation sont définies par une vitesse initiale de 1'avion égale a 230 m/s, une
assiette longitudinale initiale égale 4 -2° et un angle de gite initial nul. La loi de PO a été
utilisée pour toute la Jurée de la passe de tir, y compris la phase de ressource évasive ; aucune
commutation de lois de pilotage n'est donc faite. Les coordonnées initiales de la cible dans le
repére avion (X = 1800m, Y = 400m, Z = 150m) traduisent des conditions assez sévéres concernant
la présentation de 1'avion face & la cible (altitude relativement basse, écart latéral initial impor-
tant). Ces conditions ont été choisies pour vérifier les performances du systéme de commande pour
des manoeuvres de roulis de grande amplitude.

La Fig. 5 montre que, la cible étant latéralement trés écartée a 1'instant initial (0,22rd),
une commande simultanée ¢, = 90°, €p=0 et Ezp = 0,05 rd est affichée par le modéle de
pilote (supposé parfait et saas retard, ni dynamique). L'effet de la commande est de produire dans
le repére 1ié & I’avion une rotation de la cible autour de la ligne de visée, 1'erreur de visée
initialement latérale devenant progressivement longitudinale. A partir de l'instant t = ls ou l'angle
de gite commandé est atteint, la commande Czp ‘te entraine une réduction rapide de l'erreur de
visée longitudinale ; la variation de 1'erreur de visée latérale n'est fas affectée, conformément
au découplage recherche, L'azimut évolue rapidement et au moment ol l'erreur de visée devient infé-
rieure a 0,08 rd (¢t = 2,7s) le modéle de pilote annule la commande "d et effectue les corrections fi-

nes (e 2 €1 Eup e L'erreur de visée est pratiquement annulée & partir de 1'instant

v =4s, 7P

Le modéle de pilote affiche“yp= Oet *zp= -0,07 rd & l'instant t = 5s pour commauder la res-
sonrce d'évasive, puis 4= -90° 3 1'instant t = 7s pour commander le dégagement latéral.

Bien que sur le plan analytique il soit montré que le systéze de PO permette une amélioration
de la visée tout en préservant les conditions classiques de pilotage, la pilotabilité d'un tel sys-
téme doit étre vérifiée sur un simulateur avec un pilote humain dans la boucle. Une version linéaire
de la loi de pilotage [7,8), limitant les manoeuvres de 1'avion 4 de faibles angles de roulis (infé-
rieurs & 20°), a été testée par 4 pilotes d'essais sur un simulateur d'avion de combat. La faisabi-
lité du concept du pilotage du point J'impact ou contrdle en vitesse de la ligne de visée a été
vérifiée par les pilotes, des appréciations favorables sur ce mode de PO ayant méme été fornulées:
facilité de pilotage, visée trés stable,
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Fig.6. Simulation pilotée d'une passe de tir air-sol

La Fig. 6 montre, avec la méme version de régulateur linéuire, 1'enregistrement d'une passe

de tir typique ol sont représentées de gauche & droite :

- l'évolution des erreurs de visée et c'est aussi la trace des obus au sol, la cible étant
située au centre de la figure ; :

- la trajectoire de 1'avion (évasive non représentée).
lLes courbes sont graduées tous les 600m par un astérique (*) & partir d'une distance fixe
égale 4 2400m de la cible, Les croix (+) matérialisent les instants du tir. Sur cet exemple, la

force du vent latéral est égale & 20 noeuds ; sur la cible de dimension 4m x 4m, le pilote a obtenu
un score simulé de 20 obus ; la vitesse & 1'instant du tir est égale & 479 noe :ds,

5. TRAJECTOIRE D'APPROCHE NON-RECTILIGNE

Une approche non-rectiligne sur une cible défendue augmente les chances de survie de 1'avion
par rapport & une approche rectiligne. Le systéme de PO de la Fig. 4 permet un déplacement de 1'avion
tout en maintenant la visée stabilisée grfce 3 la commande de roulis.

Le pilote dispose en effet de 3 commandes pour piloter 1'avion :

~ commandes de vitesse de déplacement de la ligne de visée z, b G
~ commande de roulis P

————— v~
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Lorsque lgp est nul, le point d'impact demeure superposé & la cible ; il est facile de voir :
que si 1'angle de gite de l'avion est nul, la trajectoire sera contenue dans un plan vertical. Une
mise en roulis en visée stabilisée a donc pour effet d'incurver la trajectoire d'approche. Le dépla-
cement de 1'avion peut &tre mis en évidence en examinant 1'évolution de 1'axe cible-avion repéré
par les angles de gisement et de site G et S (cf. Fig.7).
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Moyennant une hypothése simplificatrice consigstant 3 figer la distance avion-cible, les valeurs
de régime permanent des vitesses angulaires G et en visée stabilisée peuvent &tre exprimée analy-
tiquement en fonction de 1'angle de gite :

=10 = (gsing+rcos¢)/cose
§ = -{ = -qcos¢+rsing

| q = acos¢ :
r = bsin? ,

les quantités a et b dépendant de la distance et des coefficients aérodynamiques de 1'avion. La
Fig. 7 représente la variation de la droite cible-avion pour une distance fixe égale a 750m. La
variation maximale en gisement est obtenue avec un angle de gite égal & t 45° quelle que soit la
distance. La variation en site est maximale pour » = 0 ou! = % 90° suivant les valeurs respectives
de a et b. Il convient cependant de vérifier que ces configurations correspondent 4 un cas de vol
réaliste ; & titre d'exemple, la courbe ((¢) a été graduée en dérapage (jusqu’a 12°) et en facteur
de charge latéral (jusqu'a 1g), la vitesse de l'avion étant égale & 230m/s. On constate sur cet
exenple que si le dérapage était limité a 5° et le facteur de charge latéral & 0,5g., 1'angle de
gfte maximum autorisé pour incurver la trajectoire serait inférieur & 20°.

L'étude paramétrique précédente ne donne qu'une valeur de régime permanent et approchée de
la variation de la droite cible-avion, 1'hypothése simplificatrice d'une distance constante ayant
été faite. La Fig. 8 montre le déplacement de 1'avion sur une simulation numérique de passe de tir
ou le modéle de pilote affiche Z¢p= O et ¢gw 45°. Le déplacement latéral est égal 4 24m au bout
de 4,4 secondes (instant de la ressource) ; par rapport d& la trajectoire rectiligne de méme pente ,
initiale, le déplacement vertical est de 33m. La visée est stabilisée avec une erreur inférieure .
4 0,5° en régime transitoire. .

6. CONCLUSION

Pour augmenter 1'efficacité de la visée en tir au canon air-sol, une loi de pilotage non-conven-
tionnelle a été proposée. Par cette loi, la ligne de visée est commandée en vitesse au travers des :
ordres de pilotage du pilote. La mise en oeuvre de 1a loi suivant une architecture de systéme compor- -
tant un régulatevr de tir et un régulateur de pilotage placés en cascade permet la stabilisation du
mouvement do 1'avion au travers d'une boucle indépendante. L'utilisation des méthodes de calcul
de commandes non-linéaires étend le domaine de vol de 1'avion & des vres d'alig t de grande
amplitude sans nuire a4 la précision de la visée. Les résultats de simulation montrent que le systéme
de pilotage facilite les corrections de visée en tir air-sol tout en sauve, rdant les conditions
du pilotage classique.
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